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CHAPTER - ONE 1 
1.1 Introduction: 
In this M.Phil dissertation we shall try to 
review low energy antinucleon-nucleus processes and 
outline micro-approach to study antiproton-nucleus elastic 
scattering within the framework of Bruckner theory. One of 
the maining ingredients of any microscopic approach is the 
fundamental nucleon-antinucleon (NN) interaction, and of 
course, the target densities. Therefore the main problem 
concerns the unambiguous choice of the two body NN 
potential since the neutron and proton densities are well 
determined. 
We shall first try to outline both experimental 
and theoretical reasons for studying the subject of 
antiprotons. The antiprotons are considered as an 
interesting nuclear probe mainly due to thae followtno 
two reasons. 
(i) Firstly antiprotons have some special properties 
which make it a nuclear probe complementing the 
information that has already been obtained from 
the usual probes e.g. electrons, protons, deutron, 
o<-particles, and K-mesons etc. 
(ii) Secondly the nucleus can be used as a useful 
"Laboratory" to study the fundamental antiproton-
nucleus interaction that is not readily available 
from the free antiproton-nucleon system. 
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Further the antiproton (P) annehilation is very 
large, the reaction mechanism used to described 
antiproton-nucleus scattering is expected to be 
simplified since multiple scattering would be highly 
inhibited. Moreover exchange processes and 
antisymmetrization are irrelevant in antiproton-nucleus 
interaction. Another interesting featre is related to the 
antiproton annihilation in the nucleus. The annthilation 
process releases about 2Gev. energy in a small volume. 
This results in obtaining highly excited states in a novel 
way other than through the heavy ion collision. The 
nucleus being a highly organised and fairly well 
understood system can also be useful on studying certain 
component of antiproton-nucleon interaction. Further the 
nucleus as a target is the only laboratory to study the 
antiproton-nucleus interaction. 
Recently the progress in experimental and 
theoretical advances renewed the interest in antinucleon 
reactions at low energies. During the last many years the 
long range (LR) part (r>0.8 fm) of nucleon-nucleon 
interaction, an important ingredient of the antinucleon-
nucleon (NN) interaction seems to be rather well 
understood in terms of meson exchange. Further substantial 
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progress has also been made in understanding of the short 
range part (SR) using quark model description of nucleons. 
Similar ideas are now being extended to the 
antinucleon-nucleon (NN) system. However these 
developments would have been of only academic interest if 
it was not the working of LEAR (Low energy antiproton 
ring) facility at CERN providing a wealth of much needed 
experimental data. 
^Because of the inter-relationship between the two 
interactions (NN and NN), the nucleon-antinucleon (NN) 
potential can be as reliable as the nucleon-nucleon (NN) 
potential. The NN potential mainly through the efforst of 
Paris and stoney-brook group has reached a level of 
satisfactory sophistication. The potentials are base of 
one p<t(&n exchange (OPE)/ two pion exchange (TPE) and one 
W - exchange. One-pion-exchange (OPE) is fairly well 
understood and there are no ambiguities. However the 
derivation of the effects of two pion exchange potential 
is much less unique, and it is here that the recent 
progress has helped usunAeni-stand the NN potential for 
intermediate range (MR). 
The outmome of these effects has gives us a 
theoretical part for internucleon distances r>0.8 fm which 
'i 
is reliable in the sense that it fits the NN phase shifts 
for L>^ 3 and upto E (Lab) £300 Mev. For r£0.8 fm the 
interaction are treated empirically to insure a fit to 
with 1<3. 
As already mentioned earlier the nucleon-nucleon 
and antinucleon-nucleon interactions are related from the 
G-parity of the exchanged mesons. Thus we can 
Where n = 1/2,3 for the OPEP, TPEP and W-exchanye. 
The most striking feature of this NN potential is 
the universal strong attraction due to W mesons and the 
coherent addition of A, f and W exchanges resulting in a 
strong tensor potential. The potentials thus obtained 
using, G parity, can only be applied to the theoretical 
part of NN potential. Therefore the potential thus 
generated for NN is valid only for r>0.8 fm. We discss the 
most popular NN potentials in Chapter 2. 
We now briefly discuss the most characteristic 
feature ie. onnih«lation for antinucleon-nucleon 
scattering. Experiments indicate that the total cross 
section is twice the total elastic cross section which 
implies that several partial wave (1<3) are needed to 
achieve such a large annihilation. Earlier attempts to 
achieve annihilation have been only empirical either 
purely imaginary or complex terms e.g. 
V (pheno, NN) = - , , UA^ -v/, n ^^^ 
V (Pheno, NN) = -
1 f e4Ce7/f„l 
QeV 
was added to the G-parity transformed potential. 
Another interesting feature for NN which 
distinguishes it from the nucleon-nucleon system is the 
following. The NN potentials are normally obtained to fit 
the phase shifts ^ , This is much harder for the NN case 
simply because are complex at all energies. In the case 
of NN system since St ^^^ real upto A production threshold 
(«^300 Mev.) the continuty of ^ as a function of energy 
would act as a guiding parameter for higher energies 
(E>300 Mev.). Further as the energy increases in the 300 
Mev. region, the imaginary component of J^ would increase 
gradually. None of these simplifications are presents for 
the NN case where the imaginary part of ^^ must be quite 
large at low energies. It is because of the this that no 
reliable NN phase shifts analysis is available for 
paramettizing the nucleon-antinucleon (NtT) experimental 
data. 
1.2Theories for NN annihilation; 
Since the NN^  interaction is obtained from the 
clearer G-Parity transformed NN potential at distances 
r>^ 0.8 fm, the main problem is to understand the short 
range annihilation. Several mechanisms have been suyyested 
for this purpose. Most attempts in this direction can be 
group characterized by the type of final state into two 
mesons/ three mesons antinucleon-nucleon bound systems-
meson and gluons. 
The traditional way [ref.l] of understanding 15N 
annihilation into two mesons via the exchange of a nucleon 
as shown in fig (1). The contributions from such diagrams 
would naturally be very short range. Using the standard 
coupling constants f or ^^ £(r:>, d7_f and W mesons [ref.2] has 
shown that 40% of the total inelastic cross sections at £/^60 
Mev can be explained in terms of the above discussed two 
pion exchange potential (TPEP). These diagrams have also 
been studied in terms of quark-antiquark description of NN 
annihilation into two meson states. 
In figure (2) shown a three meson day of NN system. 
These diagrams are referred to in the literature as 
superallowed processes. The diagram indicates the 
rearrangement of six quarks into three mesons. The 
indications are that the NN annihilation in three mesons 
should be more important than into two mesons. Other 
processes like NN bond states and yluons are indicated in 
figures (3), (4) and (5). We do not find it appropriate to 
discuss them in detail here. 
1.3 Antiprotonic Atoms; 
Antiprotonic atoms is a class of interesting set 
ofnew data which has no analogue in the corresponding 
P-nucleus case presently however only a few nuclei have 
been studied and even in those cases the shifts and widths 
of the observed levels are only known crudely.We discuss 
them in section 4.4 of Chapter 4. The most striking result 
of antiprotonic atom studies is that they indicate an 
attractive antiproton- nucleus potential, even though 
antiproton- nucleon interactions generates scattering 
lengths which are on the average repulsive . Several 
attempts have been made to calculate antiproton-nucleus 
optical potential from a microscopic model based on NN 
interaction (chapter-4). These have resulted in both local 
and non-local type optical potentials. 
1.4 Antiproton - Nucleus Scattering; 
Before the advent of LEAR facility at CERN, this 
subject was explored even less than antiprotone atoms. The 
earlier analysis employed an empirical antiproton-
nucleus potential of woods - saxon form having an 
attractive real part. We have discussed the empirical 
studies of low energy antiproton scattering in some 
details in chapter - 3. The approaches based on 
microscopic formalism are described in chapter - 4. It is 
shown that one can obtain reasonable agreement with low 
and intermediate energy data using the much discussed 
Dover-Rechard (DR) and Bryan-Phillips (BP) NN potential. 
The most promising of the microscopic approaches is 
the use of bruckner theory of vongeramb and Suzuki group. 
The resulting optical potential gives fairly good fit to 
data although they have made unnecessary approximations 
specially for medium effects (also discussed in 
subsection 4.4). We describe the result of these 
approaches in our last chapter where we also indicate our 
future research program. 
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CHAPTER - TWO 
THE NW INTERACTION POTENTIAL 
2.1 Introduction; 
The success of microscopic theories of nucleon -
nucleus system has given us enough confidence to apply 
these ideas for studying antinucleon - nucleus 
interaction. The basic approach involves the fundamental 
two - body interaction as an important input into these 
microcopic approaches. Therefore it is important to have a 
satisfactory model for the basic antinucleon - nucleus 
interaction. Recent progress in understanding of the N-N 
interaction in terms of the exchange of bosons has been a 
great help in designing the antinucleon - nucleon force. 
This process involves the use of G-parity, which for the 
case of odd G- parity meson invloves the change of sign of 
resulting potential. 
It is therefore that in this chapter/ we first try 
to discribe the G- parity operator in section 2.2 in some 
details. This operator is then applied to obtain the well 
known Bryan-scott potential discussed in section 2.3. 
There are two versions, static and non-static, of this 
potential. It should mentioned here that the G-parity 
transformation gives us only the medium range and long 
range of the antinucleon - nucleon potential. The short 
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range part is dominated by a strong imaginary potential to 
simulate annihilation of the antinucleon. The annihilation 
potential is spin - isospin independent and is purely 
phenomenological. Some models use purely imaginary 
potential while some use short range complex annihilation 
potential. There merits and demerits are also discssed in 
section 2.3. 
Next in section 2,4 we first discssed one of the 
most popular theoretical Paris internucleon potential. The 
potential thus obtained is not in a very convenient form 
because of use of dispersion relations and energy 
dependence, in many body calculations. Therefore a 
parametrized form both in configuration and momentum space 
has also been given by the Paris group, discussed in 
subsection 2.4.3. The extension of Paris potential is then 
briefly discussed in section 2.5 for the case of incident 
antinucleons. In the next section we have discussed the 
salient features of most entensively used Rechard - Dover 
potential for describing the antinucleon - nucleon 
interaction. This chapter therefore prepares oneself for 
the most important input for any microscopic description 
of antinucleon - nucleus system, both for antiprotonic 
atoms and antiproton - nucleus scattering. 
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2,2 G-Parity Transformation; 
When several conservation laws operate for the same 
system it is sometime possible to obtain new quantum 
numbers and selection rules by combining the original 
ones. The new conservation law may reveal features not 
evident in the originals. We know that the isospin 
invariance holds good only for strong interaction. Charge 
conjugation invariance holds for strong interaction as 
well as electromagnetic interactions. Only for strong 
interaction we can combine charge conjugation and isospin 
invariance to obtain a new selection rule. 
For a state to be eigenfunction of the charge 
conjugation operator it must be electrically neutral/ 
since in changing the particle to antiparticle the charge 
conjugation operator (C) reverses the charge. Equally the 
baryon number (B) and strangeness (S) must also be zero. 
Thus a system with B = 0 and S = 0 will be an 
eigenfunction of the combined operator CR, where R is the 
charge inversion operator. The R - operator can be written 
in terms of the I-spin operators in that to reverse the 
charge one needs to invert I, ie rotate the system by 
about the I axis, thus R=exp (iTT I ). 
The G-parity operator is defined as the product cfi. 
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We may study the effect of C,R and G operators on 
the W - mesons by writing the wavefunctions for pions in 
terms of the I - spin components of the scalar boson 
fields: 
>/5 
V -:J?(*i+*'**^  
Where (fe ^  (fe and (b- are the I^ *^ ^2 ^"^ '^3 
components of the field. It should be noted that they 
satisfy the requirements concerning antiparticles and 
complex conjugation.Uhenthe charge inversion operator R is 
applied to the (S's we see that/ since it produces a 
roiation about the I_ axis, (^ remains unchanged while the 
others reverses signs. 
since d^A'*') - 7\~ Q-CR^) - f[^ hence we see that 
C43,= 4', c^^--(i^^ cud ^4)3= 4^ 3 
Consequently 
Therefore the pion wavefunctions are eigenfunctions of 
G with eigenvalue of G-parity equal to -1. 
We can derive the G-parity of an isospin multiplet 
by considering its neutral member, since the G-parity is 
same for all members of the multiplet. This is obvious 
IS 
from the following. We can construct operators from the 
isospin operators which will produced transformation 
between the members of an isospin multiplet (raisiny and 
lowering operators). The G-parity operator commutes with 
all the I - spin operators [G,I] = 0. Now if we have a 
given G-parity for the neutral multiplet ie G (A°)=-lA and 
we make an operator I from I,, !„ and I, which has the 
effect of increasing the third component by one unit so 
that 
We now apply the operator G 
= -J A-* 
That is the pion wavefunctions are the 
eigenfunctions of G with eigenvalue of G parity as -1. 
The fact that G-parity of a multiplet can be 
determined from its neutral member allows us to derive a 
useful relation between G-parity and isospin. As with 
ordinary angular momentum states, we can represent the 
isotopic spin wavefunction for a system, or particle by 
"I spherical harmonics Y * (cose) where is the angle which 
isospin I vector makes with I_ axis. For neutral member of 
multiplet with B = S = 0, i^ is also zero, so that the 
19 
o 
isospin wavefunction can be written as Y (cos© ). 
The R operator (rotation by about I2 axis) changes 
e toe-t'v, which results in multiplying the wavef unction by 
(-1) . Thus for non strange meson 
G = C (-1) , if the meson decays strongly into^ /it or 
kk then the C parity is given by (-1) and for this case 
the G parity is given by 
G = (-1)1^ ^ 
2.3 The Bryan - Phillips Potential; 
The Bryan - Phillips potential# obtained from Bryan 
scott potentials has been adopted to describe 
non-relativstic antinucleon-nucleon (NN) interactions and 
successfully fits available data [ref. 1-5]. This 
potential model is based on one boson exchange (OBE) 
approximation. 
It has been known long ago that meson exchange 
contribution to N-N and N-N scattering are the same apart 
from a factor G; this being the G-parity of the exchanged 
meson system. Therefore any meson exchange model of 
nuclear forces immediately implies a model for this part 
of nuclear forces. Additionally the NN interactions also 
include two other kinds of processes which have no simple 
counterpart these are as follows: 
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(i) Exchange of baryon number B = 2 which has very 
short range and are usually ignored. 
(ii) Intermediate annihilation processes which are 
Usually represented by empirical absorption. 
Thus if we regard the meson exchanges as determined 
by the N-N studies, only the absorption remains to be 
fixed. The first NN model along these lines was made by 
Ball and Chew using the best meson exchange potential of 
those early times and absorptive boundary condition. The 
Bryan - Phillips potential is in fact based on static 
Bryan - scott potential [ref. 1] with some modification 
hence we first discuss the static Bryan- scott potential. 
2.3.1 Static Bryan Scott Potential; 
Bryan and scott [ref.l] considered first a static 
potential based on the exchange of ^ _,Q,U; and o" mesons plus 
two scalar mesons (f and (T, with T = 0 and T = 1 
respectively. The latter may be regarded as parametrizing 
non-resonant exchanges with the corresponding quantum 
numbers. 
For scalar, isoscalar meson exchange with coupling 
constant g defined by the effective lagrangian density 
the non - relativstic static N-N potential is 
- " ( D 
2i 
Where yM and M are the me/son and nucleon masses. L is the 
orbital angular momentum and b = •4' (tT •+ tfl ) is the total 
spin. The functions F and G are 
r 
For pseudoscalar, isoscalar meson exchange with 
coupling constant defined by 
the Nucleon-ncleon potential is 
^ —7 -^ —^ "^ # "~5 — ^ 
and - -- © 
For vector, isoscalar meson exchange there are two 
coupling constants f and g defined by the lagrangian 
density. r L ~\ 
In terms of these the static Bryan - scott 
potential has the form 
® 
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These potentials were meant to be correct through 
2 
order (/H/M) only. For isovector meson exchanges, the 
-? -• isospin factor t!.'Z is added. Bryan and scott adjusted the 
coupling constants and the scalar meson masses to fit- N-N 
phase shifts and the resulting values are given in 
table-1. They also put the whole potential equal to zero 
for r<0.6. For the antinucleon-nucleon (N-N) interaction 
the signs of the potentials for the odd G mesons and 
is reversed. The zero cut off on the meson potential is 
retained at 0.6 fm. 
2.3.2 Non-Static Bryan-Scott potential; 
In the N-N static Bryan and scott potential 
velocity-dependent central terms are included which is of 
the form [v^ U^O f UM V^]/Sn)^ ', 
Further at the same time some of the static 
potentials V(r) are slightly altered. For scalar-isoscalar 
meson exchange V and U are given by 
For pseudoscalar meson exchange V(r) is unchanged 
U(r)=0. For vector isoscalar meson exchange, the 
coefficients R and R^ are changed and a velocity 
dependent term is added 
23 
^3-fl?4^^^^4] ® 
U(r)- 'fn F(^ 73 - - - - - © 
The velocity dependent potentials can be integrated 
by using standard method. In effect they renormalize the 
static terms and reduce the sigularity of one boson 
3 2 
exchange (OBE) potentials at the origin from 1/r to 1/r . 
The remaining singularity can be reduced as follows; from 
each meson exchange potential, the potential for a heavy 
meson of mass A is subtracted with same quantum number and 
coupling constant. 
For the antinucleon-nucleon (N-N) interaction the 
sign of G meson potential is reversed and an emperical 
absorption is added. To the real OBE potentials an 
imaginary Woods saxon potential iw is added which is 
independent of spin and isospin: 
Parameters for the static OBE case are a=l, 
b=6fm and w = 62 Gev. For nonstatic OBE case a=l, 
b=5fm and w =8.3 Gev. Comparison with data for the 
static case have been shown [ref.7]. For the non-static 
case the quality of data filling are illustrated in 
figures 1-6. 
The absorptive potential w(r) appears to dominate 
elastic scattering. One can f it (JJ. , ^  and c/^ for PP quite 
well with pure absorption [ref.7-14]. W(r) is very strong 
2't 
at small r and greately attenuates the wavefnotion here. 
Hence it suppresses the short range interactions and in 
this respect its acts somewhat like the repulsive core in 
ordinary nuclear forces.In N-N problem, the medium range 
potentials must be carefully adjused to get the correct 
S-wave phase shifts. In the N-N case, S-waves are almost 
completely absorbed anyway, so medium range details are 
irrelevant. 
The absorption gives negative real parts to low 
partial amplitudes, hence a negative real part to the 
spin-averaged forward scattering amplitude and hence 
destructive coulomb interference in P-P scattering. Bryan 
and Phillips [ref. 15] assumed W to be independent of 
spin and isospin because it represents the average effect 
of very many annihtlation channels. Hence W alone does not 
give any polarization or charge exchange or differences 
between P-n and P-P scattering. 
The OBE effects give all spin and isospin 
dependence. The relevant data so far are P+P - n+n cross 
sections [fig. 1 and 6] both magnetudes and angular 
distributions are fitted satisfactorily. It appears that 
charge exchange is mainly due to one pion exchange (OPE). 
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There is some information on relative strengths of PP and 
Pn absorptions at rest, that is consistent with these 
models. 
The OBE potentials also play a part by drawing in 
the outer wavefunctions to enhance absorption in many 
states. Without the one boson exchange term W(r) has to be 
weaker ad of a longer range [ref.7]. Since the range of 
W(r) is not known this aspect is hard to stdy but it 
affects the slope of the elastic deffraction peak. 
These models predict P+n -» P+n scattering. Figure 7 
shows total/ elastic and annihelation cross sections 
compared with P+P -^  P+P predictions. In each case P+p 
valves are bigger. This effects due to OBE potentials is 
nott domenated by one pion exchange only. 
The two potential models; static and non-static 
give rather similar predictions. The biggest difference 
appears to be in 6"(pp) below 50 Mev. For instance at 40 
Mev the static and non-static models gives 87 mb and 81 mb 
respectively. This approximate agreement is not surprising 
because the OBE potentials are rather similar at medium 
and long range distances. The big difference is at short 
range where in the static case the OBE terms are cutoff to 
2b 
zero while in the non-static case they o^ ie damped but 
remain strong. Short range differences however tend to be 
suppressed by the absorption. 
2.4 The paris potential; 
The Paris group [ref.161 derived previosly a 
nucleon-nucleon interaction from TV N and A A" interactions / 
which included the one-pion exchange (OPE), correlated and 
uncorrelaed two - pion exchange (TPE) and W-exchange 
cantributions. These theorical contributions give a fairly 
realistic description of the long and medium range (LR+MR) 
part of N-N forces since. 
a. the peripheral (J>2) phase shifts calculated from 
these contributions are in good agreement with the 
experimental ones [ref.l7]. 
b. An equivalent potential derived from (^ + 2 A" + M) 
exchange interaction compares very well with the 
phenomenological potentials of Yale and of Ham.ada 
Johnston down to internucleon distances rrv^ O.6 fm, 
for the spin-spin and tensor components and r'-O.Sfm 
for the central and spin orbit components [ref.l6]. 
Although is some cases e.g. isotriplet spin-spin 
component the agreement extends to very small values of r, 
there is no compelling theoretical reason to believe the 
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validity of Paris potential in the region r 0.8 fm since 
the short range (SR) part of the interaction is related to 
exchange of heavier system and to the subhadronic. 
Constituents such as quarks, gluons etc. 
Thus the Paris group divided the interaction region 
into three regions; long range (LR), intermediate range 
(MR) and short range (SR), as described above the Paris 
group took the viewpoint that the potential is largely 
unknown / due to the fact that the proper degree of freedom 
could be say quark gluons or heavy bosons. In the 
"Complete Paris potential", the SR part of NN interaction 
is parametrized and fii,:. to data. In the MR and LR parts 
of the interaction, a theoretical meson exchange potential 
is constructed. The Paris group chose r = 0.8 fm as the 
boundary between the SR part and the MR part of the 
potential. 
The construction of N-N potential based upon these 
ideas took around a period of ten years [ref. 15-20] and 
the development can be divided in three stages: 
i) Constraction of the "Theoretical" model describing 
the LR and MR part of the NN potential [ref.17-18]; 
the theoretical model is then fitted to those parts 
of the N-N interaction which are most sensitive to 
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the LR and MR interaction, namely the peripheral 
partial waves which "See" only the longest range 
part of the N-N force, 
ii) Construction of the complete Paris potential by 
adding a phenomenological short range piece and 
fitting its parameter to the N-N phase shift 
[ref.l8]. 
iii) Construction of the parametrized Paris potential 
[ref.l9] which is a simple analytical 
parametrization of the "Complete" potential in a 
form convenient for many body applications. 
2.4.1 The Theoretical Paris Potential; 
The contributions from meson exchange is divided by 
the Paris potential in three distinct types. 
a. 7[-exchange 
b. Resonant and non-resonant two pion exchange. 
c. Thfee pion exchange, mediated mainly by w-exchange. 
The main aspect of the "theoretical Paris 
potential" is the evaluation of two pion exchange. This is 
calculated by suitably subtracted dispersion relations 
from the empirical 7v -N amplitudes and the dominan S and P 
wave phase shifts of the A-Tf ineraction. The construction 
of the two pion exchange term is straight forward in 
2'J 
principle but in practice it involves a good deal of 
technology. The basic principle is that this method bases 
first on the fact that the scattering matrix is an 
analytic function of the relativistic invariants which 
characterize the scattering. 
For example one can write a dispersion relation 
which relates the scattering amplitude to an integral over 
the discontinuity of the amplitude. The Second important 
property of scattering amplitudes is that of crossing 
symmetry: for the N-N problem; this says that the 
scattering amplitude which describe N-N elastic scattering 
when analytically continued in the relativistically 
invarients which are the S-matrix variables, give the 
amplitude for N-N elastic Scattering. The description of 
the problem in terms of the Mandelstam variables 
(S,t,u) means that same S-matrix elements which 
characterizes N-N elastic scattering is related to N-N 
elastic scattering. 
The use of crossing symmetry and analyticity means 
that the two pion t-channel exchange amplitude which 
occurs in elastic N-N interactions can be related to the 
process N+N -»7f+A -^N + N. The latter process is obtained 
by iterating the amplitude for N+N -*f\K; using crossing 
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symmetry again allows us to relate this process to the 
amplitude for 7\ -N elasic scattering. In determining some 
of the A - N amplitudes, finally we require to know some 
of the phase shifts to continue certain amplitudes. 
The net result is that the two pion exchange (TPE) box 
diagram for N-N scattering can be obtained by 
extrapolating the 7\ -N amplitudes. 
Theoretically such a calculation includes all A -N 
resonances; S wave ^ -A' resonances, P wave K"-A" resonances 
(e.g. the f mesons) as well as nonresonant background. To 
the extent that this process is reliable and stable, the 
two pion exchange term can be constructed wholly in terms 
of physical amplitudes and cross-sections from these other 
reactions. The Paris group used two different 7i -N phase 
shift labelled G and C and they also used two different 
sets of S wave 7^ -^  phase shifts labelled R (for resonant) 
and NR (from non-resonant). 
The Paris potential thus obtained agree well with 
the phenomenological potentials except for the central 
part and further the potentials do not depend strongly 
upon the choice of TC-N or A-7i phases. However the central 
term depends sensitively upon the choice of both the 7\ -N 
and f^- 7\ phases used as input into the dispersion 
relations. 
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The theoretical potential derived in this way is 
then used to construct the peripheral N-N phase shift. For 
such phase shifts, the centrifugal barrier masks short 
range behaviour of the interaction and therefore the 
phases are sensitive only to MR and LR part of the N-N 
interaction. 
2,4.2 The Complete Paris Potential; 
As discussed earlier the Paris group resorted to 
pure phenomenology to describe the SR part of the N-N 
interaction. The complete Paris potential is obtained by 
adding a short range soft core potential to the 
theoretical potential, together with a weighting function 
fCr). 
Where E is the centre of mass energy and the complete 
Paris potential V(r,E) is valued for all r. The weighting 
factor f (r) used by the Paris group is 
n-a'yj"^ _•, 
The weighting factor uses x=1.25 fm and ot=10 is 
to suppress V sharply at the boundary of SR and MR 
part i.e for r£r = 0.8 fm and to sharply suppress 
^phen. ^ ° ^ ^ ^^o* '^^^ parameters in V ^^^ are then fitted 
to the properties of the deutron and to the N-N phase 
shifts for J_<6 upto 350 Mev. Both the theoretical and 
phenomenological parts of the potentials i.e V and 
theo. 
3 ') 
V contain central (C) spin orbit (SO), spin-spin 
pheno. 
(S-S), tensor (T) and quadratic spin orbit (S02) terms. 
An additional feature to the complete Paris 
potential is that the central and the spin orbit terms in 
V has a significant and almost linear energy 
theo ^ 
dependence while the spin-spin, tensor and quadratic 
spin-orbit potentials were essentially energy independent. 
Thus below the meson production threshold this energy 
dependance is a linear and hence the theoretical potential 
to good approximation can be written as 
Where W^, is zero for the spin-spin, tensor and theo ^ ^ 
quadratic spin - orbit terms. 
Thus the complete Paris potential is now 
31 has been found that Vpj^g^(E) is a linear function 
of E for the central component and almost constant for 
spin-spin,spin orbit, tensor and quadratic spin orbit 
terms. Thus V ^^ (E) could be taken to be of the form 
C+C'E for the central component and constant for the SS, 
SO, T and S02 terms, so that the complete Paris potential 
V(r,E) can be written as 
V(r,E) = U (r) + EW (r), 
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Where UM-U^Mffr; + c[l-\-(r-)] 
n^ 
W ( Y ) 3 UJ^C'r)f{T) + t' [l- ffrD] 
Where C is zero for the spin-spin, tensor, 
spin-orbit and quadratic spin orbit components and V(r,E) 
contains six parameters for each isospin state T = 0 and 
T = 1 i^- ^s' ^ ss' ^ so' S ' ^S02 ^"^ ^ c-
The resulting "Complete Paris potenial" provides an 
excellent fit to the properties of deutron. The 
qualitative properties of the resulting potential are 
listed as below: 
(i) For J>2/ it is dominated by its theoretical 
component, 
(ii) The phenomenological SR'part of is of the soft core 
form, 
(iii) V(r,E) obtained from the dispersion integrals is 
energy dependent. The energy dependence is 
linearlized in consructing the complete 
Paris-potential. 
(iv) The two pion exchange contribution including the 
0- exchange and any contribution from two pions 
S-wave phase shifts enter arises via the dispersion 
relations. 
In the above complete Paris potential model it was 
demonsrated that, once he LR+MR forces are accurately 
deermined, the SR forces can be described by a model with 
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few parameters that does not affect the LR+MR part. In 
the complete Paris potential model a definite separation 
is made between the theoretical and phenomenological part 
and is designed for providing a clear insight into the 
problem. However the explicit expression of the resulting 
potential is not very convenient for practical use in many 
body calculations. 
(i) the energy dependence of the potential which can be 
itectted naturally in the two body scattering case 
may be ill-defined in many body systems; 
(ii) the theoretical LR+MR potentials presents itself as 
a dispersion integral/ and 
(iii) the presence of a sharp cut off function may be 
troublesome in numerical calculations. 
In order to use the complete Paris potential 
conveniently in many body calculations it is parameterized 
as described below. 
2.4.3 Parametrization of Paris Potentialt 
We have seen from the above discussions that the 
complete Paris potential is not particularly convenient to 
handle with its dispersion integrals and energy 
dependence. A suitable parameterization of the Paris 
potential enables us to make its use in many-body 
calculations. Therefore parameterizations were constructed 
in configuration (r) and momentum (p) space (ref.l9). 
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with these parametrization changes were made in the basic 
potential which are listed below: 
(i) the effects of the A meson [a psendovector, 
isovector meson with mass aboutt 1200 MeV] is added 
theo 
(ii) In redetermining the parameters of the 
phenomenological component U . / not only phase 
shifts but also N-N observables were included in 
the fitting procedure. 
(iii) A unique analytical expression for the complete 
potential is adopted, namely a discrete Yukawa type 
terms which has adantage that their forms are 
simple in both configuration and momentum spaces. 
Concerned with the energy dependence it has been 
shown that one can transform the linear energy 
2 dependence securing here into a p dependence which 
can be used conveniently. 
(A) Parmetrizattion in Configuration Space; 
The parametrization adopted is as follows, 
expressed in configurattion space and for either T=l or 
T=0. The potential is expressed in terms of he usual 
non-relativistic invariants. 
3b 
-d) 
/lo ' 1 - '^- ^ 2 
-» •? jz, -. ^ +_3l£i , Ji,5 = i'S 
The central components contain a velocity dependent part 
and VQ and V, are defined as 
I- r c/r2- r2 J 
with m = 938.2592 MeV for T=l and m = 938.9055 MeV for T=0 
For each component V(r) the following parametrization is 
used. 
^ e ; ^ ^ FCnjjO . I foy l/,S 1/,^ v,^  ay^ V.^ 
'J 
(_ j^r; 
^^ i^O -- ,7^. . 1 + - ^ + ^ ;/ L'^jrrL i^ jT [/^ ijT)' V s^o; 
The masses mj are same for all components, the first term 
(j=l) corresponds to the OPE and appears only is V„, V, and 
V^' The potential is parametrized at the origin r=0. 
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(B) Parametrization in Momentum Space: 
By a Fourier ransform of eqn (1) one gets in the 
centre of mass system/ the parameterizattion in the 
momentiiwifu space ^ 
Thus the potential can be expanded in terms of five basis 
forces; central/ spin-sf)Li7 spin orbi-fc^ iensor and quadratic 
spin-orbit. Here the velocity dependent central component 
V^ and V^ are defined as 
For the other components 
For each component \j to}) ^ J-, X tL I—Z Tjlf^^^i} 
3S 
It is "parametrized" Paris potential based on a slightly 
altered version of the easier "complete" potential that 
provides an excellent fit to most of the N-N data. 
2.5 Extension of the Paris potential to NN Interaction; 
The nucleon-nucleon and nucleon-antinucleon forces 
are, theoretically, closely related. Especially when they 
are induced by particle exchange, one can get, in 
unambiguous way, the NN amplitude from the NN one simply 
by applying the G parity rule, which changes the sign of 
the interaction if the exchanged particle has an odd G 
parity and leaves the sign unchanged in the even G parity 
case. This rule has also been applied, in past, to deduse 
NN potentials from the NN potentials provided by QBE 
models. 
In the following are some results on the NN bound 
states and resonances near threshold calculated^, with the 
NN potential that is deduced via the G parity rule from 
the above mentioned (. K + 2K +w) exchange potential. In 
figure ? the central component of this potential (referred 
P _ 
as V ) is plotted and for comparison the Bryan-Phillips NN 
BP 
potential (V ) is also plotted. It is clear that the 
attraction is weaker in the Paris NN central potential 
than in the Bryan-Phillips potential. 
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The reason is that, in the NN case, this OBE model 
needs a strong w exchange repulsion to partly compensate 
for the exchange Attraction and that strong repulsion 
becomes/ in the NN case, a strong altraciton which adds to 
p 
the altraction. In the V poential/ such a strong w 
coupling is not needed. 
As has been discussed for the NN case, the long and 
intermediate range ( ^  +2 7f +W) poential is cut off at 
internucleon distance r f^  0.8 fm and the short range 
(r<0.8) is described by a phenomenological constant soft 
core. In NN case, because of annihilation, the short range 
force must contain also an absorptive component which can 
be described by a phenomenological complex potential. 
P 
The ability of the Paris potential V to produce 
bound and resonant states near threshold is presented in 
the following with the underlying assumption that the short 
range part of the interaction will not cause drastic 
changes to the qualitattive feature of the spectrum. 
The Schrodinger equation was solved with the 
following simple prescription for the short range 
potentialli ® v.fvj = v/f^^^, - ^ r<r^ 
/ a 
Where the index i refers to the central, spin-spin, tensor 
spin-orbit and quadratic spin orbit components of the 
potential. In model (a) the parameters r is taken to be 
in the range 0.6 fm to 0.8 fm and in model (b) a = 0.6 fm 
and the parameter C.=0 except for the central component 
C,. 
Resricting to energies near threshold the 
calculation show that: 
(i) The results are quantitatively sensitive to 
variations of the core parameters (r or c^  ) but 
the bound states and Yesonances appear always in 
the same partial waves. 
(ii) Variations of the core parameters (r or c,) do not 
alter the spectroscopic order of the levels. 
(iii) The tensor forces are very important not only 
because of their diagonal matrix elements but also 
because of their non-diagonal ones, especially in 
the isospin 1 = 0 states. For example, in the 1=0 
states, the big differences between the values 
given by models (a) and (b) are due tot the fact 
that in model (b) the tensor force suppressed for 
r<0.6 fm. 
4i 
(iv) The s-states as well as the other low lyiny 1=0 
states should not be taken too seriously since they 
should be signiticantly affected by the short ranye 
forces. 
2.6 The Richard-Dover Potential; 
The narrow structures seen in the NN elastic and 
tottxll cross sections K N production experiments/ 
experiments involving a deuterium target are of 
considerable interest. If one wishes to interpret these 
Sf-rudures in terms of the bound states and resonances of an 
NN potential (ref.21-23), it is necessary to consider the 
effect of annihilation on the stability of such states. NN 
annihilation was first described with an optical 
model (ref.24-25) by adding an imaginary part-iw(r) to 
tthe real potential V (r) generated by t-channel meson 
exchange. 
However later it was shown (ref. 27) that this 
phenomenological local annihilation potential was too 
strong for narrow NN states to survive.For the estimation 
ofthe width of the NN potential states, the reliability of 
the local optical potential has been criticised by 
shaphiro (ref. 27). To avoid the use of an optical 
potential, several more or less explicit coupled channel 
4^ 
formation have been developed (ref. 28-29). However none 
of these analyses deal with the energy dependence of 
elastic CTT^T' charge exchange {f^ r. and total NN cross 
section in the entire low energy region (P^^^lGeV/C) when 
a potential model may be applicable. 
Dover and Richard, to present the experimental data 
on integrated elastic annihilation cross section, adopted 
the smootKly energy dependent parametrization 
.^ - ^^^'^/P^ 
® 
where P, , in the lab momentum in units of GeV/C and oi is lab '^  
is mb and P, , = 0.52 GeV/C. The most striking feature of 
eqn (1) are 
(i) the annihilation cross section CT^^ is very large, 
clearly requiring sizable contribution from t<0 
even for low energies and 
(ii) the ratio of elastic to inelastic cross-section is 
-^'s'L unlike the result <J1. c^  {T, are would expect 
CT^  'e( Ct n 
in a naive geometrical limit. 
For charge exchange, the following parametrization 
is used , ^ ^ r f^ , , t 1 
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eqn (1) fits the data well for P 4 2 GeV/C and eqn (2) 
is a fit to the data in a region 0.270 ^ P^ ^^ j^  ^0.963 
GeV/C. For each cross section, they minimise the quantity. 
^..yf ^^^ffj - tr^ff.of 
where a nominal error 4(r^f£3=0.05 6" (f«)is taken. The lab 
kinetic energies S' are chosen to range from 80 to 430 MeV 
in the intervals of 50 MeV. This corresponds to a momentum 
range 0.4 4: Plab <0 .9 GeV/C/ below 0.4 Gev/C data are very 
uncertain and above 0.9 GeV/C the non-relativistic - model 
as used here is not appropriate. 
The theoretical cross section U (E.) are generated 
by solving the Schrodinger equation with a local complex 
NN potenial V„-(r) potential of the form NN 
where V^(r) is the real potential arising from t-channel 
meson exchange and V^ jqj^ (r) is a purely phenomenological 
potenttial arising from S-channel meson exchanges. For the 
phenomenological annihilation potential a woods-saxon form 
is assumed 
Wo + L Wo 
ANM i4f4f:r-R)/a] 
1'i 
where V^ / W^, a and R are adjustable parameters. The 
potential V (r) is taken to be 
Vi(r)-l/p^Cr^ '^i^'o . - - - (£) 
where Vrj • (r) is obtained from the NN potential of the 
Paris group by investing the sign of terms corresponding 
tb>; odd G parity exchanges ( K and bi) as follows 
t \D 
Each component V.(r) can be expanded in a power series of 
( /5M ) where j^ . is the meson mass. To order i^^/^t^) 
this yields the following potentials for NN (upper sign) 
and NN (lower sign) 
1/, Cr) - 1 ?;. ?: [ ^ . ?^  \//fr; + 5,^ l//fr)] - - ' ^ 
•r» -* 
where ?,-?,.= (-3, 1) for isopin 1=0 or 1 and tfj-6"i =(-3,1) 
for S=0 or 1 and the tensor and quadratic spin orbit 
operatOifSj S^^ and Q^^ are defined as 
„ « -» ^ -< 
3 cr,,r d\. r '12 - '^^''^  ^ --y^a " cr,.«r^  
°;7 - ^ [ (TrL (T^ .L + cr^ .L e^.Lj 
^0 
The two pion exchange (TPE) in this model is calculated 
using dispersion techniques with 7^ N and A^ scattering 
information as input. The-theoretical medium and long range 
parts of the potential contain no free parameters, and 
supplemented by as U) exchange potential of resonable 
strength and a simple prescription for the SR cut off, 
provides an excellent fit to the NN phase shift. As in 
eqn.(8) and (9) V (r) contains tensor, spin-orbit and 
quadratic spin orbit terms and the off-diagonal tensor 
coupling is treated exactly by solving the coupled 
equations. The cut off of the theoreiictti potential in 
eqn.(6) is adhoe, but the results are essentially 
independent of the choice of r^ taken to be of the order 
of 0.8 fm, since strong absorption removes any sensitivity 
to the SR part of the potential V (r). 
The investigations of the parameters VQ, WQ, R, a 
are performed and a no. of more or less equivalent fits to 
the data are obtained.We now discuss the role of each 
parameter. 
It was found (ref.30) that the choice of R is not 
critical ie whether the annihilation potential is flat or 
not for small r is irrelevant. Starting from any food fit 
with 0<R (0.8 fm, one can always set R=0 and readjust VJ_ 
4o 
at fixed (VQ/ a) in order to get a comparable fit. An 
important property of this readjustment is that it 
maintains about the same absorption in a crucial "surface" 
region 1 <r < 1.1 fm. The depth and the detailed shape of 
IJHI/. for Y < 0*8 fm are not important as long as the 
absorption is sufficiently strong in the interior region 
/• Ln 1/. ,>MeV will suffice). 
The choice of the surface thickness parameter 'a' 
is more critical since the rate of drop off of V-.-„(r) for 
ANN 
radii outside the strong absorption region determines the 
relative contributions to various high partial waves and 
hence can affect the energy dependence of the cross 
sections. Reasonable fits are found with 4.5 < a < 6 
fm , higher values were also found by Bryan and 
Phillips (ref. 25). 
With R=0 and a = 1/5 fm, we first ignore the 
possibility of a real annihilation potential (Vp.=0), a 
reasonable fit is obtained for W 46 GeV; a result 
similar to the value W- ?s 62 GeV of Bryan and 
Phillips (ref. 25) for their local potential version. 
Keeping WQ fixed at various values from 2 to 50 GeV are 
searched; For W^ > 40 GeV, a small altractive real part 
improved the fit slightly but V^/j. remained small. 
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As W is decreased to about 20 GeV, the fit 
impressed markedly if V_ c W_ is chosen. As W_ is further 
decreased acceptable fits were still obtainable with W > 
10 GeV; with corresponding larger values of V„. For W-<10 
GeV, the fits are no longer acceptable. Although the 
strength of the absorptive part of the annihilation 
potential is reduced by a factor of 3 or 4 relative to BP 
by an ecttxaative real part, the potentials corresponding 
to the fits remains :still strongly absorptive ie. 
I)nV,„„(r) 150 MeV for r « l fm. The fit to inelastic and 
.,: ANN 
charge exchange cross sections clearly favours a large 
posiive values of V (attraction). The three components of 
the total cross section are best fitted by quite different 
choices of V^, indicating the shortcomings of the 
oversimplified local, state independent annihilation 
potential of equation (6). 
The results are somewhat decieving. The improvement 
witKi respect to the early work of BP is due essentially 
to the addition of a real part to the annihilation 
potential. The use of more elaborate treatment of meson 
exchanges at larger distances appears to have only a minor 
influence. 
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2.6.1 Understanding of annihilation potential: 
a) Range of annihilation forces and size of nucleons 
With an optical model/ the fit of the data requires 
a range a~ 4; 6 fm~ . As shown by Martin annihilation 
graphs for pointlike nucleon and antinucleon have minimum 
inverse range a~ •:; 10 fm . Further if one computes 
explicitly the longest range diagrams of fig.(8;, one 
finds an effective value a" X. 13-15 fm~ . In otherwords 
annihilation forces do not propagate from nucleon to 
antinucleon. The spatial distribution of ^ANN^^^ ^^ 
determined by the overlap of the hadronic matters of NN. 
Thus one should concentrate on the fact that filling of 
data requires a strong absorption upto Y «i 1-1.2 fm instead 
of on the precise value of a .In agreement with the MIT 
bag model this corresponds to a radius for N and N, R >0.5 
fm. In the little bag model the meson cloud around the 
nucleon and antinucleon will also influence the 
annihilation process, hence in our study we cannot exclude 
the smaller radius r = 0.2 fm proposed by Brown and Rho. 
b) The real part of the annihilation potential: 
The overall quality of fit is always improved by 
addition of an attractive real part. The attraction in the 
surface region acts to focus the wave function to smaller 
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disances, where annihilation is more effective thus 
enabling one to decrease the strengh W-,of the imaginary 
part. Such a result is not expected from a naive model of 
elemerlfery annihilation processes. The inclusion of spin 
and isospin is no expected to change the situation too 
much. Graphs of FigJj^ J arises because of the transition 
potential, which acts between NN and MM channels. Owing to 
the hermiticity of the Hamittonian, such mixing shifts 
down the lighest mass channel (MM) and pushes the heaviest 
one (NN). Hence annihilaion would seem naively to induce 
some effective repulsion between N and N. 
c) Locality: 
It is found that the annihilation amplitude is 
strongly energy dependent/ since the physical region S>4 
2 
m lies on several cuts due to multimeson thresholds. The 
Fourier transform is expected to be a highly nonlocal or 
energy dependent potential. It may be that simulating this 
interaction with a local operator is responsible for the 
rather large range needed to fit the data. 
'oil 
Parameter Static case Non-s ta t i c c a s e 
^^ti7) 11.7 12.G6 
g'^^f]) 7.0 3.0 
g^ip) 0.6% 2,44 
f gift) 4.4 lAA 
g^iU)) 2K5 23,7 
^2(£ro) 9,4 9.46 
W7(a„) 560 550 
^2((rj) ' 6 . 1 1.97 
>r)((Jj) 770 600 
POT to / / ^ is a s sumed z e r o : m denotes m a s s in McV/c^. 
Table 1: Parameters for the Bryan-Scot t 5-N p o t e n t i a l s , 
5i 
Fig.l: PP differential cross section at 62.7 riev (14) 
cor.ijjared v/ith the non-static. The solid line 
is the P+P-^prediction. The broken line is the 
ri+n -? n+n prediction, differing by the coulon 
effects. 
ij2 
l-O 
.9.2 : PP differential cross section at 99.8 tlev (14) 
compared with the non-static model. 
5.i 
CIJ' 
Ficj.S ; F P differential cross section at 136.8 Mev (14) 
compared with the non-static model. 
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FIG.4 : PP Differential cross section at 175.0 riev.(14; 
compared vjitb the non-static model. 
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Fie,. 5 : P+P - n+n anc,ula d i s t r i b u t i o n s , a t average eneri^ies 
93 and 149 Mev (16) coitiiJared with the n o n - s t a t i c 
model. 
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Fitj.6 : Comparison of PP and Pn inte9rated cross section 
predictions, for the non-static model. 
b/ 
Fig.7 : 1=1 central component of the NN potential. The 
solid curve represents our theoretical potential V f 
and the dashed curve the Bryan-Phillips potential V &P 
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(a) (b) 
N - — • -
N <- -< N N 
-> N N > « ' * N 
t 
Fig.8 : Feynman graphs for NN annihilation which involve 
two meson intermediate states (dashed lines) 
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CHAPTER - THREE 
PHENOMENOLOGICAL STUDY OF ANTIPROTON-NUCLEUS INTERACTION 
3.1 Introduction : 
The antiproton-nucleus elastic scattering experiments 
performed at 47 MeV and at 180 MeV on ^^C, 4/i<^Ca and 
°^°Pb have been analysed extensively using phenomenological 
optical potential of the type used for nucleon scattering. 
The models should provide strong absorption aspects of the 
Antiproton-nucleus interaction. The aim of the emperical 
studies is to investigate the energy and target mass 
number (A) dependence of the optical model parameters. 
The informations would compliment and help the 
microscopic studies. We shall be describing is this 
section, very briefly, some of the systematic analyses of 
the antiproton-nucleus elastic scattering. Information on 
the antiproton-nucleus interaction is specially 
interesting for their consequences would resolve the 
possible consequense of bound antinucleon states in the 
nuclei. 
In section 3.2 we describe the phenomenological 
studies of antiproton-nucleus scattering at low as well 
b^ 
intermediate energies, in terms of the woods-saxon type of 
the potential. We shall also discuss the parameter 
systematics and its relevant comparison with heavy ion 
scattering. In section 3.3. the folding model analysis 
(ref.16-17) is discussed. This has been done primarily 
because of the tremendous success ofsu-ch an approach for 
ejttracting the first order n.ux;leon optical potential. 
Moreover this gives in a very simple manner spin-isospin 
averaged antincleon-ncleon effective interaction. In the 
last section we briefly describe an attempt using coupled 
channel calclation for extracting deformation parameters 
of a target nueteuitising antiprotons. 
3^2_Anti£roton;nucleus_scatterin2_at_low_and intermediate 
ener2^_in_terms_of_woodS2saxon_tY£e_potential : 
j^ a2_ Ingredient s_of_th e_o£ tic a l2model_ca leu la t ion s : 
The optical model calculations were performed 
(ref.19) using the code ECIS written by Raynal (ref.1). In 
this simple model spin orbit potential was omitted since 
there do not exist much polarization data.A7local optical 
potential of the following form is used. 
With radial form factors of woods-saxon type i.e. 
V«^  =ri-.e4(5:J|^^j]-' g. 
GJ 
The local optical potential (1) has six parameters, 
the depth V„ and W„ for the real and imaginary parts of the 
potential, radii r and r.^ and diffuseness Ci„ and Q^ ^ . 
The coulomb potential was taken as a woods-saxon 
distribution with a two parameter Fermi-type charge 
distribution (ref.2). Spin orbit interaction has been 
neglected since from antinucleon-nucleon (NN) elementary 
interaction it is expected to be weak because of the 
cancellation of an w meson contributions (ref.3). The 
equation (1) is used to solve the schrodinger equation 
including relativistic Kinematics and relativistic 
corrections. The errors in the data consist of statistical 
cross section d ^ ' uncertainity in the measured value of 
the angle A =0.2 and uncertainity in the overall 
normalization of 10% (X =1+0.1). Further due to finite 
angular binning and multiple scattering in the target, the 
calculated cross section has to be averaged over an 
effective angular opening 
(T 16^^-3 
-d) 
i^v^ 5&= J/-|Jy^  ^  
Thereafter the calculated cross section 6" Cft)is compared to 
the experimental one cr'*to3 by calculating the 
functions as fllows: 5_ 
^^ ^^ SI _[M^:t^!l^^y^ _ . 
IJ4 
Where N is the number of data points for each angular 
distribution of ^  the renomalization factor by which the 
data have to be divided to get the optimum^2. The 
experimental data are best fitted by the corresponding 
parameters given in Table 1. 
All these best fits agree with a renomalisation of 
the experimental data compatible with the experimental 
uncertainty. Since many sets of parameters were found to 
describe the data reasonably well, particular interest is 
devoted to investigate the sensetivity of the present data 
to the different potential parameters. 
j^blgorrglations betwegn_optical parameters : 
The number of parameters is seven (six for potential 
and one for the renormalization hence it is practically 
impossible to study ^ contour plot m such a six 
dimensional spcae. However a simplified analysis is 
carried out as following, in which a few parameters are 
varied in fixed step, the others being fiaed within fixed 
constraints. 
In the first stage Y»v and ^v are varied with fixed 
steps, the other four parameters being free. In a similar 
way, the sensitivity to the parameters of the imaginary 
potential io^ and Ayj xs investigated. From the calculated^•^ 
values, contour plots are obtained for y^^: /'*• +/ , x'^ te x'* '•"'^  
b5 
)c' = y^l/^ + 9 corresponding respectively standard 
deviations on the determination of the parameters. Thepp-^  
values are deduced so that the minimum value of X is 
equal to the number of degrees of freedom. 
Such a procedure corresponds to a renomalization of 
the experimental errors as from Table 1 they appear 
overestimated. The results corresponding to the analysis 
of the 180 Mev '^ C data are plotted which shows that the 
diffuseness of the imaginary part of the potential is 
fairly well determined. A correlation is found between the 
strength and the radius of the imaginary potential ie.L^^ 
decreases when 7^^ increases. The same kind of correlation 
was found between the strength Va and the radius VeV of 
the real potential. From the graphs (1-7) it is also 
obvious that the parameters of the real potential are 
poorely determined. In reality the oscillatory behaviour 
of the angular distribution is essentially described by 
the diffraction from the imaginary potential and 
refractive effects menifest themselves essentially in the 
filling up of the minima. 
The strong ambiguities found between the parameters 
of the potential lead one to determine the potential 
diffuseness parameters ^^ and fi^j by varying in steps, 
assuming ft.v = ft^^ . For each value, the minimum X^is 
searched letting all the parameters free, within the 
6o 
constraintsVj^T^The sensitivity to the potential 
diffusivensss is largest for the lightest targets and 
stronger when the incident energy is higher. 
Except for the ^°^h target a good )a per degree of 
freedom was achieved using at both energies the same 
values of the diffuseness a 0.56 fm for'^^ 0.52 fm for 
'^0, 0.62 fm for ^*0 and 0.63 fm for ^^Ca. In the case of 
the 2.o8pj2 target, a large diffuseness of 0.70 fm is 
favoured at high energy, while low energy data leads to 
a=0.4 fm. A possible explanation of such an effect is 
that, at low energy, the Pb taget behaves like a black 
disk with a sharp transition from zero to complete 
absorption. 
In contrast, at high energy, the NN annihilation 
cross section is weaker for each impact parameter the 
atteneuation coefficient is poportional to the integral 
over the distance the incident particle goes through the 
nucleus. As a consequence, the transition from zero to 
complete absorption is smoother. All these diffusenesses, 
corresponding to a )o minimum have values slightly larger 
than those of the two parameter Fermi charge distributions 
(ref.2-5). 
The normalization factors found in the search 
1 
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generally agree with the experimental ones within few 
percent (Table 1), except for'^0 where the best fits 
correspond to an increase of the cross section by 9%, 
Requiring no normalization of the experimental data leads 
to about the same diffuseness (a=0.51 fm) for the minimum >3 
per degree of freedom, the value of )0/NP itself increases 
from 0.72 to 1.06. Therefore, the diffuseness were fixed 
to the values listed and the sensitivity to the radiil^nd YoM 
of the real and imaginary parts of the potential is 
studied, the potential strength being free. 
Since the aim of such a search is to gain a measure 
of the optical model ambiguities, it is just carried out 
on two target '*^C and ^^Ca at two energies. From the 
calculated sets of/7 values, contour plots are obtained 
for X '^ +1 , 'sc'*'- 4 4 and X^ * + 9 • '^ ^^  
plots of the results obtained shows that at 180 MeV, the 
geometry of the imaginary potential is better defined than 
that of the real potential. At low incident energy the 
'2. »j;^ 
area inside the contour)g «JE * 9 becomes significantly 
• mln-
larger, reflecting stronger ambiguities in the potential 
parameters such features can originate for two reasons 
(i) experimentally the range of measured transferred 
momenta measured is smaller at the lowest incident 
incident energy, and (ii) the absorption is larger at 
lower energies as compared to the intermediate energies. 
!' O 
j^c2_Pro2erties_of_the_anti£roton-nucleus_o£tical_pot 
lil_§tron3_absor£tion : 
The absorption coefficient | S/ ] are typical of a 
strong-absorption regime where I S/ I r o f o^ ^ the low partial 
waves and equal to 1 for the larger partial waves. For 
potentials having different geometries (ref.l9) these 
absorption coefficients are equal. Their dependence on 
(1/KR) where %, is the orbital angular momentum, K the wave 
1/3 
number and R the nuclear radius (R=1.2 A ) , provides 
information on the distance of maximum penetration of an 
antiproton inside the target nucleus. For example at 180 
MeV the distance where the scattered wave is absorbed by 
90% are 0.75R, 0.95R and 1.05R for '^C, '^0. and ^^^h 
respectively. 
There is no strong energy dependence of these numbers 
which shows that the lighter the target the deeper the 
antiproton penetrates inside the nucleus. At least 
qualitatively such a behaviour can be understood as 
follows : at a fixed incident energy the absorption of 
antiproteons depends essentially on the path length 
travelled through the target nuclues. When this path 
b9 
length becocmes greater than a distance ffo the antiproton 
is completely absorbed and is not further seen in the 
elastic chacnnecl. From geometrical considerations it is 
evident that such a fixed distance to occurs further out 
from the centre when the target size increases ie. when 
the mass number A is large. 
liil_^tron2:.absorgtion_Radius : 
A plot (ref.l9) of the available potentials involved 
in the contour plot/) =/'.H9 reveals that they are almost 
uniquely determined in the region of the nuclear surface, 
around the strong absorption radius R. This strong 
absorption radius is defined as the distance of closest 
approach for the Rutherford orbit of angular momentum L y 
(ref.6) 
^^il ' i+J'o^^^'L^^ 
Where n is thecoulomb parameter, K is the wave number 
and L is the partial wave for which the wave function is 
half-absorbed, J5^ [ = 0.5. It can be considered as the 
average distance of approach of an antiproton to the 
centre of the nucleus. Except the Pb target, the strong 
absorption radius can be written as the function of target 
'A 
mass A as R=r^ A ^  with r^  = 1.57 ±0.02 fm and 1.475 -f 
0.025 fm when incident energy decreases from 180 to 50 
70 
MeV. 
For Pb target, at both incident energies, the value 
of r^  found is about 0.1 fm smaller than for the other 
target nuclei. The decrease of R with increasing incident 
energy is consistent with the behaviour of the 
annihilation cross section. At a given incident energy, 
there is a slight tendency of V(R) and W{R) to decrease 
with the target mass. For each target-energy combination 
W(R) is at least twice larger than V(R). 
j[iii2_Sen^itive_re3ions_of_the_£2nH5l§H§_2E£i55i 
potential : 
The optical potential is essentially determined in a 
zone located at the surface of the nucleus as discussed 
above. Thus, it is interesting to test which radial 
regions can be considered to be well mapped by the 
analysis of elastic scattering data at different energies. 
This has been performed by means of a localized 
perturbation of the radial nuclear potential which allows 
one to study the effect of such a perturbation on the 
predicted cross as the perturbation is moved 
systematically through the potential (ref.7). 
7i 
To the optical potential V (r) corresponding to the 
best fit is added a perturbation having the shape of the 
derivative of a woods-saxon with magnitude equal to that 
of potential itself and a width of 0.2 fm. Then the 
loalized region where the resulting potential is equal to 
zero is moved systematically through the potential. A 
measure of the effect is made by looking at the ratio 
versus the distance of the centre of the perturbation. One 
finds that the increase of % from the perturbation of the 
imaginary potential is much larger than the increase 
arising from the perturbation of the real potential. This 
is consistent with what is observed previously ie. the 
shape of the angular distribution results from diffraction 
by the strong-absorbing nucleus. The influence of the real 
potential results only in details on the shape of the 
angular distribution. 
12. 
For C the maximum sensistivity to the imaginary 
potential is centred around 3.2 fm and 3.3 fm at 600 MeV/C 
and 300 MeV/C respectively. The sensitivity of this 
potential ranges between 1.3 and 5.3 fm. The sensitivity 
to the real part has its maximum located at 2.6 fm and 
covers a much narrower radial zone of the potential. 
/2 
j^iv2_Shallow_real_2otentials_and_the_re2uireme I§§1 
£art_com£lex_a2ainst_£ure_absor£tive_£otentials : 
Using the diffuseness defined in 4.2(b) and assuming 
reasonable l imi ts for the radius parameter 0.9^''ej,4 l-^ f^  
one gets (ref .19) extrema of the rea l par t of the opt ica l 
po ten t ia l as follows : 
for '2c '0 4 V„ $ 75 (Vjev J- i?oMeV 
15" < V'o ^ Go Mcv at <6'S MeV 
These values are shallower than those predicted by 
the relativistic mean field theory (ref.9). With such a 
shallow nculear potential, the total real potential ie the 
sum of the coulomb acnd nuclear potentials and the 
centrifugal barrier does not exhibit any pocket for the 
partial waves which contribute to the elastic scattering. 
The existence of such pockets has been involved to predict 
a possible observation of orbiting phenomena (ref. 9-10). 
A question which arises, due to the dominance of 
strong absorption, is that how well a purely imaginary 
potential may reproduce the data. This would correspond to 
a black disc (ref.11-12) with diffuse surface and coulomb 
/ J 
effects being correctly treated. Theresults show that good 
fits could be obtained only for ' ° Pb data at ^6.% MeV 
whole for all the other cases the difference between the 
calculated cross sections and those corresponding to the 
best fits lead to an increase of the )c^ per degree 
offreedom. Hence it is not possible to describe correctly 
the shape and depth of the diffraction minima without a 
real potential. 
Due to the correlations found between the parameters 
describing the optical model, the study of target mass and 
energy dependence of the optical potential requires a 
procedure to fix the potential geometry and for this 
purpose several methods were tried. 
One of such procedure is to use the geometry given by 
the two parameter fermi-type charge distribution (ref. 2-
5). The result obtained, however, clearly establish that 
such geometries fail to reproduce the experimental data 
well because the difference between the calculated and 
experimental cross section being largest when the incident 
energy is highest. Even the geometry of the three 
parameter Fermi type charge distribution (ref.13) does not 
provide better fits. The failure of such a geometry to 
describe the experimental data reflects the necessity of 
/ 1 
taking into account the finite range of interaction. 
In a classical description, the imaginary potential 
is described as : 
Where cr is the average elementary NN total cross 
section, Pfr) is the density of the medium and v the relative 
velocity. 
From this relationship an increase of 25% of the 
imaginary strength is expected when going from 50 to 100 
Mev, and that is observed for'^C and *^*Ca. With those 
red.tLstic geometries the real potential is too shallow to 
produce a pocket in the total potential for grazing 
waves. In addition the absorption always dominates and 
these two characteristics are against orbiting 
(ref. 9-10). 
Most microscopic calculations predict real parts of 
the potential repulsive in the interior and attractive at 
the nuclear surface, however, the microscopic calculations 
derived by Niskanen and Green (ref.14) and Kronfeld 
(ref.15) display real potentials having woods-saxon 
geometries. The first one shows a strong increase of real 
depth with incident energy for both '^ O and ^^ Ca nuclei 
i.e. optical potentials which becomec shallower with the 
phenomenological studies. 
In the above analysis it is observed that 
7D 
IVl/al ^/ Srll^el • Therefore it is clear that all these 
data favour the D-type potential (strong imaginary and 
weak real strengths) over the S-type potential (strong 
real and weak imaginary strength). The results agree with 
the previous analysis (ref. 16-17) and with the analysis 
of P'atoms. All attempts to find a single potential 
measured on the different target nuclei failed. Of course, 
more elastic scattering data have to be measured both on 
target which differ only by isospin, in order to test the 
asymmetry term, and on heavy targets to get a better 
determination of the saturation effect on the differences. 
^e2_Reaction_cross_Sections : 
Despite the optical model ambiguities, the reaction 
cross sections are well determined in the present analysis 
(within +5%). These reaction cross sections can be 
expressed as (T^  = ^("^o fl^^ +^^ ' ^9 ^"^ ^ taking 
respectively the values 1.705 + 0.009 fm and 0.539 ? 0.023 
fm at 50 Mev and 1.49 T 0.01 fm and 0.65 •? 0.01 fm at 180 
Mev, which agree with that of Nakamura (ref. 18). As far 
the energy dependence is concerned, like the strong 
absorption radius the reaction cross section decrease when 
incident energy increases, which is consistent with the 
energy dependence of the antiproton-nucleon cross setion. 
78 
3_^ _3 Folding ntodel_analYsis : 
The optical model calculations performed (ref. 21) 
provides an option in which the optical potential may be 
folded by a gaussian function. 
7rR2- ' 
Where R is the range. If the radial parameters of the 
real and imaginary potentials are taken to be those of the 
point matter distribution, the potentials are equivalent 
to folded potentials : 
Where ^^ 
there ^ is the reduced mass, 7 ^ the realistic factor 
and n^ the normalization factor of the woods-saxon 
distribution, approximately given by 
The possibility to perform calculations with folded 
potentials is especially interesting for the : Qntiproton 
data at 180 Mev. This is due to the fact that if one 
77 
trusts the folding technique in order to obtain optical 
potential and if the antiprotonic interaction can be 
approximated by a guassian, one can derive an interaction 
that reproduces the angular distributions for '^C, Ca 
Pb at the same time. A similar attempt was made (ref.20) 
for 800 Mev proton scattering where parameters were 
estimated for all nuclei and an average of these were 
taken as the final result. 
Since for antiprotons some parameters are better 
defined than the others one tries to determine one at a 
time. As the diffuseness of the imaginary potential is the 
best defined quantity one starts by estimating the range 
for the imaginary interaction. This was done by keeping 
the two ranges iR-c Rj and varying them and the two 
potential depths together. 
The resulting values of range were 1.173 fm, 1.172 fm 
and 1.130 fm for '^C, Ca and Pb respectively. 
Thereafter the range Rjis fixed to 1.16 fm. Now the 
strength of the imaginary potential should be well 
determined and the search is repeated. The resulting 
imaginary potential depths then corresponded to the values 
15.96, 16.75 and 15.20 for the strength er and 15.8 fm** 
is accepted as the average value with the range and 
strength of the imaginary interaction fixed, in the third 
78 
step, the two parameters of the real interaction is 
varied. This resulted in the following values of e< and 
range (0.379, 1.51), (0.368, 1.103) and (0.410, 1.260)[rc^ 2\] 
Since the results are rather insensitive to the real 
interaction the present data is not considered extensive 
enough to predict a definite value of the range of real 
potential. Hence the same values are adopted for the 
ranges. With this assumption the value of << were obtained 
from a search in whih only the real potential depth was 
varied. The resulting values for o( 0.378, 0.360 and 
0.433 gave the average value 0.39. The final effective 
interaction parameters for 180 Mev antiprotons become 
Since there is only one data set al 46.8 Mev, the 
effective interaction at this energy was obtained from one 
single search in which the potential depths and the equal 
folding parameters were varied in order to give a best fit 
to the experimental data. The interaction obtained in this 
way is described by the following parameters : 
The optical model calculations are observed to give 
much deeper mttvima . The Glauber calculacticons reproduce 
the amplitudes of the maxima rather well for small 
scattering angles but for larger angles these become 
increasingly overestimated. One also observes that the 
/'3 
oscillation in the Glauber calcuclations are somewhat out 
of phase with those of the optical model calculations. If 
the angular distributions are calculated without coulumb 
interaction the optical model calculations still produce 
much deeper minima but thee phase differences is not 
present. According to Fbldt and Pilkuhn (ref.22) this 
effect is due to the fact that with coulomb interaction 
the motion of the particles cannot be approximated by the 
eikonal straight lines. They show that this effect can be 
taken into account in Glauber calculations if the nulear 
parameters are calculated at the local energy and if a 
scaling is made of the radial parameters. However no 
attempt has been made to incorporate such cCT/TftCCtions in 
order to reproduce the optical model calculations. 
Coupled channel calculations for IC; 
Since the antiproton-nucleon interaction is very strong 
there are reasons to think that coupled channel effect may 
be important in the elastic and inelastic scattering. In 
the case of '^C at 46.8 Mev (ref.l7) and at 180 Mev 
(ref.24) experimental results have also been reported for 
the strongest excited level, the 2+ level at 4.43 Mev. 
Hence We discuss a thorough study of the coupled channel 
effects. 
At first the results, when coupled channel effects 
hi] 
are present, were obtained from the coupled channel code 
ECIS by dividing the inelastic differential cross setion 
by 100 and thus searching for a deformation parameter ^ ^ 
or deformation length i^-P^R which is one tenth of the 
true value. The ;>c^  fitting was performed with equal 
deformation parameters and with equal deformation lengths 
for the transition densities. It is seen that the 
different potentials result is very similar values of 
and Sj^  and the variations is g are somewhat smaller. 
Further the values of $ obtained at the two energies are 
much closer than those of p . The X*" values obtained 
are also very similar but in most cases somewhat smaller 
when the calculations are performed with equal deformation 
parameters. The DWBA calculation predict the same angular 
distributions and the same deformation lengths for the 
rotational and the vibrational models, the results may be 
quite different in coupled channel calculations. 
The coupled channel effects are rather different for 
the three cases (i) 5^=0 (spherical) (ii) ^ <^^ 0 (oblate) 
and (iii) Sj>0 (prolate) and especially there is a large 
difference in the amplitude for the inelastic scattering 
with different sign of the deformation length in the 
rotational model. It is often assumed that the coupled 
channel effects may be taken into account by a reduction 
Si 
of the amplitude of the imaginary potential. It is clear, 
however, that in this work (ref. 19) the potentials have 
to be modified in different ways for each model. Therefore 
a new pt*" fitting was performed to the elastic as well as 
the inelastic scattering data in coupled channel 
calculations. The result for the three cases with equal 
deformation parameters as well as with equal deformation 
lengths for 46.8 Mev and 180 Mev are obtained. 
It is seen that the potentials and deformations 
differ in some cases substantially in the different 
models. Also calculations performed with equal 
deformation parameters result in different parameters than 
those performed with equal deformation lengths in the same 
model. Considering the scarcity of data for antiproton it 
is somewhat surprising that at both energies a clear 
preference can be given to the rotational model with an 
oblate shape. Regarding the calculations in this model the ^^ 
values are very similar when performed with equal 
deformation parameters or with equal deformation lengths 
and no preference can be given in the case. In comparison 
between deformation obtained in the analysis from 
different experiments it has been found that the 
deformation lengths show smaller variations than the 
deformation parameters. 
As discussed (ref. 25) for example, neither the 
deformation parameter not the deformation length should be 
the same in different experiments. The reason is that in 
electron scattering the transition density is obtained 
from a Taylor expansion of the matter density whereas in 
DWBA and coupled channel calculations, which are used for 
strongly interacting particles, the Taylor expansion is 
made of the potential. Therefore these provide the same 
deformation parameter as in electron scattering only when 
the interaction has zero range and the matter density and 
the optical potential have the same radial shape. Inspite 
of these facts the values obtained here 1.53 fm and 1.47 
fm compt»?ce favourably with the values obtained in 
electron scattering 1.53 fm. 
V7ith respect to the noticeable coupled channel 
effects on the parameters of the potential it seems 
reasonable question whether the invariant sphere 
ambiguities are present also in these potentials. For this 
reason the radial behaviour of the coupled channel 
potentials and their ratio obtained in the model with an 
oblate shape are plotted. It is found that the potentials 
obtained at 46.8 Mev are qualitatively like the optical 
potentials. On the other hand the 180 Mev potentials 
differ much from the optial potential and show upto two 
distinct invariant spheres for the real as well as for the 
JS3 
ratio between the potentials. 
Furthermore one observes that the imaginary 
potentials are still very similar near the surface but now 
differ appreciably for small T - values. In order to 
illustrate the invarianmt spheres in a more distinct way a 
mean deviation function^ 'B' v/as calculated for potentials 
as well as their ratio form 
fCr-) 
Where "^(r) is the arithmetic mean value of the N 
curves studied. The results, for the function F for the 
eight potentials and their ratio obtained at 180 Mev with 
equal deformation length, show that the real potential as 
well as the ratio between the potential show typical 
invarient sphere with very sharp minima. The imaginary 
potential shows one invariant sphere but the minimum is 
rather broad and in a large region the function F is very 
small indicating that the derivatives of the potential are 
also very similar. 
The real potentials as well as the ratio between the 
real and imaginary potentials for antiproton for '^C 
scattering are characterized by invariant cirle 
ambiguities in optical as well as in coupled hannel 
calculations. Thus the coupled channel effects are found 
to be very important for the parameters of the potentials 
84 
as well as for the deformation in the case of C. The 
effects are found to be rather sensitive to different 
nuclear models and consequently a clear preference can be 
given to the rotational model with an oblate shape. The 
importance of the coupled channel effects indicates that 
all the analyses of antiproton scattering data should be 
performed in coupled channel calculations. 
S'5 
TABLE - 1 
Best-fit parameters and reaction cross section obtained for an 
optical potenttial haviny V^oods-Saxon geometry 
Target 
'^C 
^Ca 
208pj, 
'^C 
16Q 
18Q 
^Ca 
2°8pb 
Energy 
[MeV] 
46.8 
47.8 
48.3 
179.7 
178.4 
178.4 
179.8 
180.3 
[MeV] 
25 
9 
0.0 
44 
35 
(31.5) 
38.5 
40.5 
60 
''ov 
[fm] 
1.22 
1.4 
1.05 
1.2 
1.05 
1.1 
1.097 
Wo 
[MeV] 
61 
143 
22 
184 
79 
(75) 
150 
111 
105 
''ow 
[fm] 
1.17 
1.03 
1.38 
0.935 
1.20 
(1.21) 
0.98 
1.1 
1.13 
[fm] 
0.56 
0.63 
0.50 
0.56 
0.52 
0.62 
0.63 
0.70 
A 
1.0 
1.0 
1.0 
1.0 
0.92 
(1) 
0.99 
1.05 
1.0 
;^-7NF 
0.70 
0.68 
0.58 
0.86 
0.71 
(1.08) 
0.89 
0.63 
1.07 
[mb] 
616 
1243 
3458 
510 
581 
660 
1035 
2710 
S8 
1 FT 
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CHAPTER-FOUR 
MICROSCOPIC STUDY OF ANTIPROTON-NUCLEUS INTERACTIONS 
4.1 Introduction : 
We describe in this chapter the application of 
microscopic optical potential to analyse the antiproton-
nucleus elastic scatteriny and anti-proton atomic data. 
These analysis should complement the information obtained 
by systematic phenomenoloyical studies of the same set of 
data. As in the case of nucleons the phenomenoloyical 
studies should act as a guidance for various microscoyic ciip\>foo(^ 
Elastic scatteriny cross sections for 300 Mev/c and 
600 Mev/c antiprotons on '^C, '^''Ca and ^ Pb have been 
very accurately measured and the data analysis is 
performed on the basis of a phenomenoloyical optical 
potential (ref.1 ). It has been concluded that only a 
narrov/ region in the tail of the potential can be 
determined uniquely from the data. The '^  C scatteriny 
data for 300 Mev/c antiprotons has also been analysed 
(ref. }-4 ) as followiny 
[h) 
i) The shape of imaginary part of the potential was 
fixed by assumint,- it to be proportional to the 
nuclear density, and the shape of real part of the 
potential and the strengths of both the real and 
imaijinary parts were then determined by fittin^j the 
data. 
ii) The assumption that the potential is proportional to 
the chart^ e density distribution v/as rejected as beint^  
rather poor. Rather a foldini^ , of the nuclear density 
with a common gaussian for both the real and 
imaginary potentials is used. It was found to be a 
good approximation to the so-called model independent 
fit. 
iii) The existence of a continuous parameter ambiguity was 
demonstrated. 
A more complete simultaneous analysis of all six 
measured cross-section is available (ref.S" ), where it is 
concluded that two parameters decreasing the imaginary 
potential and the one describing the real potential can be 
determined from the data. The assumption of a nucleus 
independent real potential depth of the centre is used to 
extract nucleus antiproton effective interaction ranges. 
The annihilation range is about 5 times shorter than that 
of the prior exchange potential while the real range is 
'3i 
rather uncertain. A combined analysis^of both elastic 
scatteriny and atomic data with the same potential apjjears 
to be possible it a sufficient numbers of parameters are 
available. General theoretical arguments would lead us to 
expect a non-local-enercjy dependent potential which is 
approximated by a local energy dependent model is 
phenomenological analysis. Only if the eneryy dependence 
is relatively weak, it is possible to describe the 
scatteriny data and bound state data with the same eneryy 
independent optical potential. 
Here, our aim is to describe microscopic calulations 
of the antiproton elastic scatteriny cross-section. In 
order to apply the procedure to at least six measurec 
cases it is necessary to included more than the S and P-
waves of the basic interaction. To set up a model and to 
investigate its capabilities, medium corrections are 
ignored for the present. Such medium effects appear to be 
the largest for the real part of the optical potential and 
smallest for the imaginary part of the potential which is 
by far the most important for the determination of the 
scattering cross-sections. 
The above discussion should be viewed as an 
indication for the resulting microscopic optical potential 
to be used for understanding p-elastic scatteriny as well 
as p-atomic data. 
In section 4.2 we describe a parametrization (rof.7 ) 
of Dover-Richard effective interaction in terms of enerc,y 
dependent as well as linear energy dependent for use of in 
the calculation of 1st order optical potential in next 
section 4.3. In section 4.3 we also describe the results 
of their analysis. Especially noteworthy is the result 
that the eneryy dependent is weak and therefore a 
potential good for low eneryy is expected to be successful 
for p-atomic data (describe in section 4.5). Since p 
interaction with a nucleus is expected to be peripheral, 
impulse approximation approach is also expected to c,ive a 
fairly yood description of elastic scatteriny data. The 
result of such an attempt is described in section 4.4. In 
this section we also discuss the companion of a 
relativistic versus non-relativistic approach. 
In order to simplify the calculation most of the 
above approaches either neylect or very approximately take 
into account medium effects, v/e describe in section 4.6. 
Taking into account medium effects give rise to an 
attractive pocket in the peripheral region for the real 
part of the optical potential. The significance of this 
real part is very important as is obvious from the studies 
of intermediate energy nucleon - nucleus interaction, 
where we obtain the much celebrated v/ine bottom-bottle 
shape of the real centre potential. 
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4.2 Parametrization of anti-proton T-matrix : 
The Dover-Richard (ref. ? ) potential is used to 
calculate the anti proton-nucleus scatterim^ T-matrix 
elements correspond to those of strong interactions only. 
If tik and "fik are respectively the incominy and outyoiny 
P-momenta, then the three momentum transfer is defined by 
VJhere is the relative C M . momentum and 6 is c.)n 
scattering angle. Thus the on-mass-shell 
matrix elements can be considered as functions of the two 
variables k^  and q^ These T-matrix elements can be 
separated into central spin exbit and tensor parts i.e. 
V7here L as the relative orbital angular momentum and 
is the total spin in units of TT and S in the two body 
tensor operator. 
V?e are interested only in the central part of T-inatr 
and so far for definite isospin I and spin S, we define 
the Fourier transform 
These Fourier transform is then expressed as an 
explicit one-pion exchange term plus a sum of yukawas with 
complex and energy independent strengths 
1 iJ Ij 
or with complex strengths having a linear K dependence. 
J - ' 
where ^M --
-3 
F^ lisl 
The ranye of the pion yukawa is given by 
and we use the strength corresponding to ^/^* ^ \^>Ab 
Thus our aim is to determine the parameters so as to 
® 
produce the Dover-Richard values of T C k / ^ / as well 
as possible. If v;e consider the case of energy 
independent strengths eqn^ then we do this by making a 
least squares fit over a limited energy range, both for 
the S and P-wave projections of T^  (V^t^^^') using the 
relation ^^'^C^.^) ^ ^ ] \ f t ^^c,}-) P(fC^&) UC^^^ 
.Mini. Qf,,!!l)/L?iSBxB,[<* 
VJhere P and are Legendre functions of the first and 
second kind, and for the value of 1^ ^^ in the forward 
direction using 
l I J i 
The fact that we fit T^  in the forward direction is 
particularly important as can be seen from taking inverse 
Q 
of eqn.(5)for ^=0 i.e. 
Thus, fitting -j ^^ C h'^r ^^°^ ensures that the volume 
integral of "^c. ^ ^ k^ ,r9 is well reproduced by the 
parametrization which is going to be very important when 
we will fold 7^^ Ck^r") together with the nuclear density 
to obtain the optical potential. 
In practice ranges Kj • of the yukawas are fixed and 
u 
a least square fit is made to determine the complex 
coefficients 0]Cis) • One set of fits is over the 
antiprotons kinetic energy range 0-100 Mev for use with 
3AI) Mev/c data and the other set is over range 100-300 
next for use with the 600 Mev/c data. For energy range 
the fits are made v/ith N- = 2 and with sum over yukawas 
replaced by a sum over gaussians i.e. we replaced eqn^by 
Finally an analogous set of fits are made with the 
energy dependent form eqn.^por its gaussian equivalent 
Table 1 shows values of ^^ for these various fits and 
its is observed that there is little difference between 
10 
the yukav/a and gaussian and the energy fits N=3 are only 
slightly better than those with and N^  = 2. This procedure 
has the advantage that all partial waves contribute to the 
interaction. Further by explicitly including the one-pion 
terms as well as fitting the s and P-waves we make sure 
that our parametrization reproduces both the low and high 
1-partial waves. 
4.3 The Optical Potential : 
The antiproton-nucleus T-matrix approximated by the 
simple expression in section 4-1*1 is now used in a lowest 
order KMT calculation (ref.S ). Here the effective P-
optical potential is the expection value over all nucleon 
co-ordination) in the nuclear ground state of the two-
body T-matrix. To our method we restrict our calculations 
to even-even spherically symmetric nuclei. 
4.3.1 Energy Independent Two-body T-matrix : 
The nuclear ground state wave function l(f?> is given 
as a product of neutron and proton wave functions. The 
optical potential V in the co-ordinate system with origin 
in the centre of man of the nucleus is then approximated 
by ^ 
J 
Where A is the total no. of nucleons and integrations 
leave out the antiproton co-ordinate. Insertin*^ the 
central part of the T-matrix into eqn. we then obtain 
the central optical potential Vc ^^ 
Where the isoscalar |^  and isovector p, nuclear 
densities are expressed in terms of the neutron f 
and Proton ^pdensities by 
and the F-functions are given by 
It is worthwhile to note that the mason 
contributions to the functions F^  and Fj in eqn. ^  and ^ 
is exactly zero for spin-0 nuclei. As this term has the 
longest range/ the implication is that other nuclei (odd-A 
and odd-even) should have a more extended tail of the 
central part of the optical potential. 
A similar treatment of the contribution of the spin-
orbit part of the two body T-matrix is also possible, 
giving the spin-orbit part of the optical potential. The 
contribution of the tensor part of the two body T-matrix 
must also be considered but this vanishes for the spin 
case of spin-zero nuclei. 
1U4 
Leu us now consider the case where the central pat of 
the T-matrix is parametrized with a linearly eneryy 
dependent form factors. In this parametrization, which is 
in momentum space, we actually use the square of the 
energy itself, since these quantities are proportional to 
each other hence the parametrization are equivalent. 
However in the construction of the optical potential, 
these quantities are significantly different. VJe 
consider to interpretations. 
Momentum Dependence : The potential is now given as 
U,^r)- Z <^\i ^ [bAlOiKl-eiCu)]p^J(Hjlyyr\\^> 
1 
VJhere the terms containing the operator k-- has to 
be interpreted in a special way. The two body 
parametrizaitOKi. is obtained by fitting only energy 
conserving matrix elements where k^ = k^'^ . Hence, from 
the two body point of view, the operator Hf- may act 
either to the right or to the left. Four our application, 
where off-shell T-matrix elements are needed, hermiticity 
indicates an equal mixture of the operations to the left 
and to the right, therefore, we assume 
^i? = i^^-?p-M- 'r . [ - i f^r^pT - • • © 
.1U5 
The first part of the potential arisinc, from b-.il^ is 
given by replacing <3:fis^ by i^j fJs^ i*l. eqns.{u)-(2^ 
which the second part containing k"-- is given by 
^ J=, l=i I S ^ i ^ LP 'P J 
The computation of VJ: is then a straight forward and 
the result is (ref.3 ) 
vJ-^M - v,M - V. ( j i i - ^ v) + Kj« - - (g) 
VJhere the t h r e e terms a r e 
'^  - J 
2^= J^vVi^^^'^'l' ^-^'P ^ " "^ 
^ir^fve^-^i'^-^^rj ^-'P - - ® 
In equations (i^) and (Jc) the coefficients U^^ are the 
probabilities that the single-nucleon state <b and its 
time-reversed state p. are occupied. The term l/,' is 
usually either identically zero or very small and U,=0 
IQo 
The total optical potential is now 9iven by adding 
Vg of eqn.(7|) to \^*'^  of eqn. (25) It is almost entirely 
expressed in terms of the antiproton nucleon interactions 
and the neutron and proton densities. 
Energy Dependence : 
The potential is still given by eqn. but now k— is 
related to the relative energy between antiproton and 
nucleon is their centre of mass system. In the lab 
system/ where the centre of mass of the nucleus is assumed 
te2 be of re^, the (U}y*rec^O!^xitJNJ^fn&^eM}a c^ejn&kd- ^ ^ ^ p 
(Lhd. Kj • 9n cLt^aLo'iH. -b e^jn @ ) we. kcurt. 
The average value of k-r clearly depends on the 
antiproton energy and momentum, distribution of nucleons 
in the nucleus. VJhen all directions of k- are equally 
probable the cross term vanishes and 
For a given nuclear wave function the expectation 
value <KL >is completely defined. The optical potential 
is now obtained by replacing k^ s in eqn. @ by the 
expectation value <J<^ --^ the result is every and momentum 
independent. 
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4.3.2 Applications of the microscopic optical potential : 
The optical potentials constructed as above are now 
used to calculate the elastic cross sections too 
scattering on ^ C, Ca and Pb. These three nucleus are 
selected because experimental data are available. We 
describe the procedure used in the following. 
4.3«2a) Procedure and Parameters : 
The K.M.T.f'>t|v8j procedures is used to calculate the 
cross sections which are compared with the experimental 
numbers via the }C^ values calculated from the standard 
expression (ref. 5" ). Calculations based on the energy -
independent T-raatrix approximation and on the energy 
dependent approximation where f^*" is replaced by its 
average value is straight forward. The schrondinger 
equations with variable effective mass has the form 
Where U^^ is the total optical potential and E is the 
total energy. The transformation 
leads to the eqn. for i 
Where the effective mass term now disappearefi. The 
ncuj effective potential contains an energy dependent term 
t^/ .and so the effective optical potential on energy. The 
asymptotic behaviour of ^ and «/' are identical as 1 ony as 
vanishes infinity and hence the corresponding phase 
shifts are the same in both cases. Therefore the cross 
section calculated from the phase shifts obtained from eqn(3) 
is the same as that which would be obtained from eqn. (D . 
The proton and neutron density distributions ^^ and 
P play a crucial role in determining the optical 
potential in the case of all three methods. The nuclear 
charge density distribution P obtained from electron 
scattering experiments (ref. 10 ) is used to calculate a 
proton density distribution corrected for the finite size 
of the tuvttproton. The neutron density distribution is 
either assumed- to be proportional to that of proton or is 
obtained from the droplet model. 
4'3.2 fe^Numerical results Conclusion : 
The se^AAes of optical potential calculated as above 
described with nuclear density distribution described in 
Table 2 are qualitatively similar. The imaginary part is 
negative and the real part is positive except for an 
occasional attractive pocket in the tail of the potential. 
11):) 
Figure 0 shows the comparison between the gradient 
potentials of eqn.(£) and those where k is replaced by its 
average value. For a given nucleus the two methods give 
very similar imaginary potentials at 600 Mev/c but there 
are larger differences between the real potentials at this 
momentum and between both the real and imaginary 
potentials at 300 Mev/c. 
Due to the folding procedure the potentials show a 
slow change of shape from '^c to Pb. For a given 
nucleus, the real depths are fairly energy independent for 
the average ' k* potentials and show a decrease from 300 
Me./c to the 600 Mev/c values the gradient potentials. 
Using potentials of fig.l» the obtained differential 
cross-section are shown in fig.2. It is remarkable that 
the gradient' and average ^ ' potentials lead to almost 
identical cross-section although the potentials themselves 
appear to differ significantly in some cases. 
To study quantitatively the comparison between 
experimental data and various cross-sections/ the 
calculated values of yV^^ are shown in table 3. On average 
there is a clear preference for the parametrization with 
three (plus pion) yukawa function. Thus it appears that 
the guassian functions are less adequate than yukawa 
I l l ) 
functions. The reason may be due to the fact that the 
tail properties of the optical potential we crucial for 
determining the antiproton-nucleus elastic scatteriny 
cross-section. The cornparison with the experimental data 
shows no conv«ni8ing .{jreference for the "gradient" or the 
"average k*" " potential. 
It is obvious that the resulting cross section are 
especially sensitive to the nuclear density distribution 
when gradients are used. The above applications, so far 
assumed the proportionately between neutron and proton 
density distributions. However, in general, that is not 
expected for heavy nuclei where more abundant neutrons 
might form a their layer outside the proton surface 
(ref.^l ). As in the case of " Pb the introduction of a 
neutron skin thickness of about 0.4 |.w produced only 
marginal in the cross-section. 
Thus a very simple two - body T-matrix approximation 
and the folding procedure described above leads to a 
parameter free microscopic treatment. These allows the 
inclusion of the energy dependence of the two body T-
matrix which gives surprisingly good agreement with the 
elastic scattering cross-section. 
I l l 
4.4 Relativistic approximation approach of the 
microscopic calculation : 
4.4.1 Introduction : 
It is v.-ell established rhat the relativistic impulse 
approximation (ref.1^) describes all the essential 
features of the elastic proton scattering 
observables in a parameter-free way. It has been shown 
(ref.l2) ) that the main effect arises due to inclusion of 
intermediate negative energy states of the projectile i.« 
NN pair terms. The virtual pair creation and annihilation 
effects are implicitly included in Dirac formalism which 
leads to systematic improvement over the non-relativistic 
approach. Since the Dirac approach treats the particles 
and antiparticles on equal footing it is tempting to apply 
the Dirac formalism to study the antiproton-nucleus 
scattering as a more setrtiae. test of this approach. 
Several analyses (ref. K ) has been reported for the 
antiproton-nucleus scattering using standard techniques of 
nucleus-nucleus scattering. Recent calculations (ref. 15 ) 
using relativistic impulse approximation (RIA) reproduce 
fairly well the P- '^ C angular distribution data at 47.8 
Mev. The difference between the results of non-
relativistic impulse approximation (NRIA) using the same 
are found too small in this ease. The successes of RIA and 
11^ 
the standard relativistic optical model calculations 
indicate that the nuclear medium effects due to fermi 
motion and correlations are probably not important for P-
scattering (ref. '5 ). The antiproton annihilates with 
nucleons into meson channels and does not penetrate the 
nucleus even at higher engines. The interaction occurs at 
the surface and the nucleus appears as a black disc for 
the antiprotons beyond a certain radius. 
A systematic analysis P-A scattering data using 
different NN model amplitudes in the Dirac approach may 
provide some additional constraints on the NN interaction. 
The current NN potential models whcfiiie describe the 
existing NN data differ chiefly in their treatment of the 
strong short-range absorptive potential of the NN 
interaction. The Dover-Richard model (ref. ? ) assumes 
the annihilation potential to be independent of the NN 
instrinsic spin and isospin and takes them. The Paris 
group (ref. \(, ) uses a more flexible phenomenological form 
to fit the NN data takes the annihilation potential to be 
spin dependent characterized by a range of the order of 
and is much stronges in spin angle term than in spin 
triplet states. 
A systematic study of the P-A scattering using two 
different models would provide information on the spin 
dependence of the absorptive part of the NN interaction. 
Besides the model dependence the comparison between 
relativistic and non-relativistic lA with the experimental 
data would enable one to study the relativistic effect in 
P-A scattering. 
4.1.2 The impulse approximation [construction of the 
Dirae Optical potential] ; 
Let us discuss in brief the formation for the 
constrution of Dirae optical potentials in terms of 
invariant amplitude. The basic premise of the lA is that 
the free two body T-matrix provides a reasobale estimate 
of the effective interaction needed to generate the 
optical potential. The relativistic impulse 
approxiiTiation makes used of the five term Lorentz 
invariant two body scattering amplitude, 
VJhere 1 and 2 refers to the incident and target 
nucleons respectively .1), T^, T^ and 6).^ are the D«rae 
(ref. I? ) on - shell, the Dirae amplitudes f^  t3<aia4.) 
F^  (pseudoscaler), Fv (vector), F^  (axial vector) and 
F^  tensor are functions of the lorentz invariants s 
and i^-_ _ c^ 2. . 
Assuming the five term representation to be adequate, 
one can obtain the familiar leading order "' 4 P " 
form of the optical potential for use in the Dirae eqn. 
In momentum space the local optical potential is then 
given by • ^ la Y r-^ 
VJhere k is the antiproton-nucleus c m momentum wave 
number and F is the invariant amplitude given by eqn. 0 
For spin-saturated, spherically symmetric nucleus the 
scalar, tensor and time like components of the vector term 
contribute. Neglecting the tensor term the optical 
potential becomes 
tn 
-^'® 
VJh ere j and P are the vector and scalar density term 
given by ^^(^3 ^  £! < o| 6'"'^ '^  10> - - - ® 
VJhen defined as above the densities are roughly equal 
of the fourier transform of eqn. (J) gives potential in co-
ordinate space. These are used in the i^ 'iited energy Dirac 
equation j^o?. p + p [ rn + Sifr} J + V^ r^ J (//^  ^(r) = f '\'^/r'^ 
VJhere £- Cr^ Vn^ '''*' is the relativistic energyjtr)and l/fjJ); i2A<-
are the local Lorentz scalar and vector potentials 
respectively. k atji 5 denote the momentum and spin 
orientation of the projectile. The relativistic are 
obtained by solving this time independent Dirac equation. 
4.4.3 Results and Conclusion : 
The elastic scattering cross-sections and spin 
observations for 180 Mev P scattered by 12. '6^ and 
^OCa using RIA are calculated. For simplicity the vectors 
and scalar eliminates are taken to be equal. Since the 
geometric of the scalar and vector potentials resemble 
(ref.l8 ) that of nuclear density, the 4e.n-S-U-i'eG r^e 
parametrized as follows : - - - - (6^  
^CT3 Z [Sp+ L S J fi^ rD 
VJhere } and fi/ are taken to have woods-saxon form and 
are given by ^(r) = J 1+ exvf? [(-v-C^ j/aJ J ^ .(g)fl(. 
The central values of the potentials deduced from DR 
and PARIS models are given in table J^  together wi-iK other 
potential parameters. Both models provide the overall 
features of the angular distribution fairly well and tend 
to deviate from experimental data at large angles and 
predict deeper minima compared with the experimental ones. 
The differences between the two models are hardly 
noticeable in the angular distribution except at the 
minima where the DR model predicts deeper minima compared 
to the Paris. 
In contrast to the angular distribution the spin 
observables AyCQ) and £^(9) is the elastic P-A 
scattering show pronounced sensitivity to different NN 
models. It provides a clear distinction between the 
different NN amplitudes used in the calculation. The few 
data points favour the DR model, however, as the 
experimental data are few one can not draw any conclusion. 
The difference between the results of the 
polarization as obtained by the two models may be 
attributed to the specific spin components of the two body 
NN amplitude of the DR and PARIS models. The spin-
dependent components are quite different in the two models 
where independent amplitudes are not so. 
Thus it is obvious form the above analysis that the 
P-nucleus elastic angular distributions are insensitive 
both to the different NN potentials and spin observables 
dynamics, on the other hand the spin observables sensitive 
to the NN interaction models and they are also dependent 
on relativistic effect. The difference between the DR and 
PARIS models is clearly reflected in the analysing power. 
The spin observables are sensitive to the relativistic 
effects. The strong annihilation makes it rather 
difficult to distinguish between the relativistic effects 
and model effect. Due to strong absorption of the 
antiprotons the nuclear interaction is mainly peripheral 
and hence medium correction is negligible. Consequently 
the absorption of the distorted waves are wiped out even 
at lower energies and the non-linear terms in S and V of 
the Dirac potential get suppressed considerably. 
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4.5 Microscopic Caculation of Antiproton atomic like 
bound states in light nuclei: 
4.5.1 Introduction; 
One of the physical phenomena via which 
antiproton-nucleus enteraction reveals itself is the 
atomic-like bound states. The ordinary coulomb 
attraction leads to the usual series of atomic levels far 
a particle of the same charge as the electron but 1836 
times heavier. The additonal strong interactions having 
much shorter range (~ 1.4 fm) than the coulomb 
interaction and hence is completely negligible for outer 
atomic orbits. On the other hand, the strong interaction 
dominates when the antiproton is within the range of the 
force from the nucleons in the nucleus. This is the 
situation for the innermost atomic orbits which thus 
decay immediately by annihilation of the antiproton and 
a nucleon. Consequently thses orbits never become 
significantly populated in the cascade down of the 
antiproton from the initial outer orbit where it is 
captured. 
The transition region between the two extremes 
where the strong interaction completely dominates or can 
be completely neglected only extends ove two or three 
atomic levels. These levels which are the lowest and are 
experimentally accessible carry information about 
antiproton-nucleus strong interaction. Each level 
11^ ^ 
corresponds to a complex energy eigenvalue, the 
imaginary part of which determines the annihilation 
probability per unit time. A number of such complex 
energy eigenvalues have been measured for various nuclei 
with increasing accuracy(ref. 19-25) • Purely phenomenologi-
cal interpretations where the potential is constrained 
by the data has been attempted(ref. 2o-2i) . The next and 
deepgrstep is to compute the potential microscopically 
from the basis nucleon-antinucleon interaction and 
subsequently apply it to the atomic eigenvalue 
calculations. 
In the following section the basic interaction is 
taken to be that of Dover and Richard(ref.26). First of 
all the central, spin-orbit and tensor parts of the 
IrutcJlaction are fitted to linear combinations of simple 
Yukawa functions (ref. «?? ). The explicit energy 
dependence of the matrices is not excluded directly but 
only as an average over a suitable energy interval. The 
resulting parametrization is then folded into nuclear 
density distribution with appropriate inclusion of spin 
and isospin couplings. The medium corrections are 
ignored assuming that they has only small effects on the 
atomic levels since the shifts on the coulomb levels are 
mainly determined by the tail of the optical potential. 
This assumption is supported by the fact that the strong 
imaginary potential reduces the significance of the real 
1 1 A 
potential. 
Since the optical potential is obtained by a 
simple folding technique, it enables one to use detailed 
nuclear wave functions when spin and isospin of the 
total (nucleus plus antiproton) system are treated 
properly. 
4.5.2 The antiproton-nucleon interaction and the 
anti proton-nucleus optical potential; 
We start from the very simple lowest order "T^ 
model for the antiproton-nucleus optical potential and 
investigate the energy shifts and widths of antiprotonic 
atoms, with the maximum possible efforts to obtain 
estimates of the effects of the spin structure of the 
basic PN interaction on the fine and hyperfine structure 
of atomic levels. Neglecting medium effects, we consider 
an expression for the optical potential of the general 
form 
wheer T-^ i\y-y'\^ is the Fourier transfora of the 
free two-body P-N scattering matrix averaged over some 
energy interval for an appropriate combination of spin 
and isospin. Thus 
p^J - '=^ »\c»> • "^ -^  
^OOlJt 
)dE 
1 ^ 1 ) 
where 4)(E) is some nucleus dependent weighting 
function and 
f 
T- <K'|T,-J^^> ^'^"^^r - • • ® 
Here o « jc'-K ^ ** and "^  "^  are the initial and final 
relative momenta and £ the total CM, energy. 
In the impulse approximation the individual p-nucleus 
interactions are treated as if they were between free 
particles and in this ease we need only on-mass-shell 
T-matrix elements where elements where 1 i*'l *11* 1 W E ^ i[\%Vse.\^^c J 
In the low-energy region it is sufficient to approximate 
these on-mass-shell. T=matrix elements by the S-wave 
scattering length approximation 
which gives 
so that 
V^^M c - i l l a ^Lf-) - _ . . (9) 
To go beyond this s-wave scattering length 
approximation with its 5 - function r dependence, we 
choose some more general function of r in eq.(5) which 
when Fourier transformed reproduces the q dependence of 
the PN T-matrix elements. However to retain the impulse 
approximation, the energy range over which we average 
the T-matrix elements £ . < £ • < E lies above the 
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threshold for elastic scattering, Unitarity requirement 
is that the on-mass-shell T-matrix elements are complex 
above the elastic scattering threshold and we obtain an 
optical potential with an absorptive component. 
Using the aoptical theorem, we have 
Thus we see that the imaginary part of the forward 
scattering on-mass-shell T-matrix element is made up of 
two parts: one proportional to elastic cross section and 
the other to inelastic cross section. 
To study antiprotonic atoms we are interested only 
in the line width due to the true annihilation-part of 
the obsorptive component of the optical potential and 
hence we need to find a method toremove the other part. 
This problem is automatically solved in the scattering 
length approximation eqn.(6), since there the imaginary 
part of the optical potential is due to the imaginary 
part of the scattering length which in turn is directly 
related to the true annihilation process. 
So long as we retain the impulse approximation we 
need to find some way of removing the contribution to 
ln\T from elastic scattering. Am empirical way for 
GLdhte^^ng this is to replace the T-matrix elements by 
the corresponding K-matrix elements which are real so 
long as only elastic scattering is allowed. Thus if we 
assume a partial wave empansion for the on-mass-shell 
T-matrix elements of the general for 
Kk^^iJ = Z [<SL-^0 P^ic^&) T^C^'-J ' ' ' -^ 
Where , i _- / -i i ,«. r-
Where 6 is the C M . scattering angle, then the partial 
wave K-matrix elements are defined by 
*• I _ ^ K TtCxO 
and the full K-matarix elements are then given by 
these K-matrix elements are then used in place of the 
T-matrix elements in eqns(l) - (3). This procedure can 
be thought of as a simple energy-dependent 
generalization of the methods by which the scattering 
length approximation avoids the contribution to ^^^^JLJ. 
from elastic scattering. 
We compute the K matrix from the antiproton-
nucleon interaction and then approximate it in terms of 
simple functions. The two-body K-matrix consists of a 
sum of central, spin-orbit and tensor term 
12J 
—> 
Where r is the relative separation, L the relative 
—7 —^ 
orbital angular momentum, S the total spin and S^^ the 
tensor operator for the two particles. 
<- - 3 ^ . >' ^ ' ^'' - 5t' ti^i - . . .(Ja) 
The form factor K in eqn(12) are defined as follows 
and where 
and P is the usual projection operator for the isospin 
channel I and spin channel S. 
4.5.3 The "angular averaged" optical potential: 
The basic assumption is that the P-nucleus 
interaction is a sum of individual, independant, 
antiproton-nucleon, K-matrix contributions. This is 
obviously an approximation but very reasonable as the 
first step in the study of the properties of the 
II 
optical potential and of fine and hyperfine structure 
arising from the microscopic treatment of the nuclear 
wave functions. First we reduce the many dimensional 
schrodinger equation to a one dimensional equation in 
terms of the radial co-ordinate of antiproton. 
4.5.3.(a) Reduction of Schrodinger equation; 
The effective Hamiltonian for?;the total system of 
the nucleus and antiproton is given by 
H«^^ Wfl + T'+V.^ M^ + E^K(K-TKO @ 
Wehre H is the nuclear Hamiltanian, T and V , are the 
Coui 
Kinetic and coulomb energies of P, K is the K-matrix of 
eqn(12), r and r are the co-ordinates of the Kth 
nucleon and the antiproton respectively. The nucleus is 
assumed infinitely heavy witK its centre of mass at the 
origin. The schrodinger eqn is then 
Where V is a complete set of quantum numbers specifying 
both nuclear and p states. We make the ansatz of a 
product wave function apart from the implicit coupling 
of the total angular momentum J of the nucleus to the 
total angular momentum j of the antiproton to give F, Fz 
the total angular momentum and its z-component of the 
whole system i.e. 
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Here spherical co-ordinates are used; 1 is the orbital 
angular momentum of p, and c{ and ^ are the remaining 
quantum nos. necessary to completely specify the 
antiproton wavefunctions f?. ^' and the nuclear 
wavefunction ^. we assume that 0 is the nuclear ground 
state with the corresponding energy E a, ^  satisfying 
Inserting eqn.(24) in eqn(23), multiplying from the left 
by the total nuclear plus p angular wavefunction and 
then integrating over all nucleon co-ordiantes and p 
spin and angle co-ordinates, we obtain (ref.3&) eqn.(22) 
and (25). -
Where f^, is the reduced nucleus-antiproton mass and 
P n 
Where p energy f = f - f'' The "matrix" element" of K 
pj 
is a function of r, the only co-ordinate excluded in the 
integration. Eqn.(26) is the one-dimensional 
schrodinger equation derived under the basic assumption 
in eqn. (24) . 
4.5.3(b) Even-Even nuclei; 
The ground state of an even-even nucleus has 
angular momentum J = O and the "angular averaged" 
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optical potential V then reduces to 
V(y-) - jd-l- <p^^.(Jl)'^(r') 4'^ (j(^ 3^ © 
'•J 
Where the "full" optical potential before taking the 
"angular average" is given by direct folding with the 
nuclear wave function 
Using the standard form of a product wave function for 
neutrons and protons separately and using spherical 
density distributions, the contibution from the central 
part of the two-body K-matrix is 
Where the isoscalarf «f +f and isovector f^ -- fp-f„ The 
F-functions are given in eqns(29) and (20) of section 
3.1. 
Inserting the spin-orbit part of the two body 
K-matrix into eqn(27) resultsa in an ordinary one-body 
spin-orbit potential 
Where <'L'S> is the expectation value, 1 being the 
orbital angular momentum of antiproton relative to the 
nucleus and S the spin of the antiproton, and where 
Ni.o 
f., ~^')'-\^^' [ f }ci; -^y'nof/wj ^9ftoo 
^ 3ofpOf^^v'3]ff Hf lr-T'!3 , - <sJ) 
J 
1 '> 1 
1 t^ I 
Finally the contribution from the tensor part of the two 
body K-matrix vanishes for spin zero nuclei. Thus the 
total angular averaged optical potential for even-even 
nuclei is givenby 
4.5.3(c) ODD-A nuclei; 
In the case of nuclei with a single nucleon 
outside a spin-zero, even-even core, the angular 
averaged optical potential is a sum of core and valence 
nucleon contributions. We ignore small effects on the 
odd valence nucleon due to residual pairing interactions 
among paticles filling up the last major shell. The core 
part is given by the expressions in the previous section 
where the densities should be interpreted as those of 
the core. The valence part is again a sumi; of the 
central, spin-orbit and tensor-parts of the two body 
K-matrix. 
The wave function used in evaluating this valence 
part is the product of single nucleon and antiproton 
wavefunction where the angular momenta are properly 
coupled to the total spin of the system i.e. 
f^Pj ^ - ' ® 
Here "1" and "2" refer to the antiproton and the valence 
nucleon, respectively while the index 't' refer to the 
isospin component of the valence nucleon. Standard 
angular momentum techniques (ref. 2 8 ) lead to the 
following expressions 
Where the contribution from the central part of the two 
body K-matrix is given by 
Where , » IF ^^ 
For the valence nucleon the tensor part of the two body 
K-matrix contribution to the angular averaged optical 
potential is given by 
and the two body spin-orbit contribution to the optical 
potential is given by 
^>5»4 Numerical results and conclusions; 
The non-relativistic radial schrodinger eqn(20) is 
solved with optical potentials derived in the previous 
sections. The important quantity is the complex energy 
level shift AE due to the strong interaction optical 
12;) 
potential. This is defined as the difference between 
the coulomb energy E^ without strong interaction and t, 
the full eigen value of eqn.(26). The coulomb potential 
is approximated by that of a point charge living 
e, '- - ^"^'^^M, J , - ^ - • (2 ) 
where n is positive integer. We neglect 
relativistic corrections and vacuum polarization effects 
since the error introduced are very small^ the 
nuclear finite size effects are also neglected since the 
energy difference E is quite insensitive! £iJ ; to the 
form of coulomb potential. 
The 'angular averaged' optical potential is 
computed for various nuclei and coupling schemes with 
and without inclusion of spin-orbit and tensor forces. 
The central part of the two-body interaction gives by 
far the largest contribution to the antiproton optical 
potential. This part, in general, already depends on the 
angular momentum coupling scheme. the spin-orbit 
interaction produces an imaginary part which is about 
two or three orders of magnitude smaller and a real part 
which is about one order of magnitude smaller than the 
corresponding central contributions; as shown in fig.3 
An exception is the value of the real part for He close 
to r=0 where the spin-orbit contribution rises to about 
o 
25% of the central contribution. The tensor interaction 
contribution is roughly two orders of magnitude smaller 
than the central contribution. In the case of spin-zero 
nuclear wavefunctions the tensor part vanishes 
identically. In general, all the three parts of the two 
body interaction lead to a rather complicated spin 
dependence of the angular averaged optical potential. 
The computed energy levela shifts are compared 
with the experimental ones and it is observed that the 
optical model developed here describe fairly well the 
existing data on energy level shifts in antiprotonic 
atoms. It is noted that the level width depends on the 
annihilation potential of the nucleon antinucleon 
system. 
4.6 Medimn Correction Effects; 
4.6.1 Ant-iproton-nucleus scattering with self-consistent 
model for medivun corrections; 
The low energy (47 Mev) and medium energies(175Mev) 
measurements of antiproton elastic and inelastic 
scattering at LEAR yield valuable information on the 
interaction of antiprotons with nuclei (ref Sfi-Jfl)) . The 
most important feature of this interaction is the strong 
absorption which causes the calculated cross sections to 
be sensitive marily to the tail of the optical 
A 
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potential and to relatively high partial waves even at 
low energies. Nonetheless, the analysis(ref 3o-3X) of 
these data and the "p atomic data [28,32-2'^ J in terms of a 
smooth optical potential suggest that the real part of 
the potential, is attractive for p - atoms and for p 
low-energy scattering, gradually becoming shallower with 
energy to the point of being close to zero for medium 
energy scattering. This trend is opposite to that of the 
calculation of (ref Si ). 
It was foundfrtl 33] major effects of the nuclear 
medium on the real part of the p optical potential at 
negative and zero energies in a self consistant 
framework that involved using the local density 
approximation (LDA). In particualr, an optical 
potential, which is the nuclear interior is found to be 
repulsive when a free NN amplitude is used is made 
attractive by considering medium effects. In the 
following this result is extended to positive 
(scattering) energies and to offer a more accurate 
procedure based on actual densities rather than the more 
customary LDA. In the following we construct a p-
optical potential' is the self consistent approach. 
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4.6.2(a) Self-Consistaent Medium Corrections; 
The total Hamiltonian H appropriate to the p-
nucleus scattering system is 
Which contains the free Hamiltonian 
Ho - ^ MUC "^  ^° 
Where HK,..- is the nuclear hamiltonian and K„ is the 
Kinetic energy of the projectile (p). It also includes 
pN interaction terms U-z^ . If G is the green function 
corresponding to H , then the self-consistent evaluation 
of the in-medium pN t-matrix is defined by the set of 
equations 
t = v+vGt - ' • ( ! ) 
G = G +G VG - • - £) 
o o 
V = <fS|-tl^.S> . . g) 
Here V is the first order optical potential constructed 
in terms of a self-consistent t-matrix determined within 
the medium for the antisymmetrized nuclear ground state 
(gs )• This calcualtion is self-consistent because the 
Green function G that enters in the Leppmann-Schwinger 
eqn.(3) fort requires in (4) a knowledge of the optical 
V that is evaluated in turn from this same t. 
It is a straightforward matter to show that this 
in-medium t may be alternatively derived from the free 
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t -matrix 
by the set of equations 
- • • i) 
Equations (5), (7) and (8) define the self-consistent 
procedures adopted throughout the chapter. The t-matrix 
T gives rise to the elastic cross section through its 
on-shell part. The details of the solution is done in 
ref. 2>l) 
It is noted that the nuclear potential seen by the 
active nucleon is neglected here because its effects are 
small. Further no account of the Pauli principle is 
taken here which contributes to the medium corrections 
but it is found(ref is ) to be rather less important than 
changes due to propagation on the medium. In the 
construction of the optical potential eqn(5) the two 
particle amplitudes of eqn.( ? ) are transformed from 
their CM. system to the many-body C M . system. The 
numerical solutions of eqns(7) and (8) is accomplished 
in momentum space using the method of Haftel and 
Tabakin(Ref 34 ) . 
4.6.2(b) Local Version of the Optical Potential; 
The optical potentials obtained from solving 
equation(ref 32 ) is 
U^ I C2L+0 i/L(k>>f) Pt^ )f',K3 ~ ' •& 
lot 
2 
w h e r e ' • •' ' "^  
<,L' 
Which is the Fourter transform of the nuclear density 
Here 
,> ^(•'^''-^ - ' f i ^ O 
The optical potential equations (9) and (10) 
because of the partial wave expansions (11) and (12) is 
of the form V = if in the momentum space. It is a non-
local operator which we wish to apaproximate here by a 
local form. Hence/ the nonlocal partial-wave t-matrix 
t i Kc ) ^c) iJ^  the two-body centre of mass (CM.) prime 
is expanded in the variables 
about k^  = 0, where it is now indicated that these are 
C M . quantities. The transformation from the two-body 
C M . frame to the many body C M . frame approximately 
preserves the three momentum transfer i.e. Q, -> ^  and 
since the density is assumed local the form of resulting 
local optical potential in momentum space is 
^lac [^[",1''/^] - i'^fCA'i,'^'^)] f(<i) - • "3 
13o 
The configuration space form of ^toc ^^^ ^® 
detained from the Fourier transform of eqn.( 14 ). To 
get a rough idea of the energy dependence in the local 
approx. to the optical potential, we depart from the 
assumption K = 0 adopted above and a scheme based on 
guidance supplied by eikonal approach for the 
p-nucleus collision is used. 
The features of this method are best illustrated 
by approximating the many body C M . frame by the 
laboratory frame. Expressing the two body C M . momenta 
by lab momenta 
Where '\<:-%Ck-^ ^'i and we set the momentum of the 
struck nucleon before the collision equal to zero, so 
that its momentum after the collision is equal to the 
momentum transfer q. The eikonalization consists of the 
following assumptions. 
i) the magnitude of k is that of the on-shell 
incoming momentum yielding k =d?fri£^  
ii) the momentum transfer q is perpendicular to "k. 
under these assumption, the magnitude K ' and K§ of 
the partial-wave amptitudes are given by 
13o 
The energy argument of the scattering amplitude in the 
eikonal case is taken to be ]^ the laboratory energy 
consistent with the assumption(ref 3^ ). 
4.6.3 Results and Discussions; 
The form of the local approximation to the p 
optical potential is depicted its figs (5) and (6) 
severalaa incident energies (for "^ ^ =0). The most 
striking feature in fig.(5) is the reversal, at low 
incident energies, from reversal in the nuclear interior 
for free pN amplitudes to attraction for in-medium 
amplitudes. Another important feature is the rapid 
variation with increasing energy from repulsion in the 
nuclear ainterior to attraction for free pN 
amplitudes (Ref 35" ). The optical-potneial within the self 
consistent method of evaluating medium corrections is 
largely energy independent. This feature reflects the 
somewhat arbituary nature of the prescription 'k^  =0. The 
imaginary part is considerably more absorptive for the 
medium evaluation in the nuclear interior but becomes 
less absorptive in the remote interior. 
13? 
The local approximation to the p - optical 
potentials are shown in fig. (6,^  ? j f or the real part and 
in fig "^ for the imaginary part. The reversal form 
repulsion in the nuclear interior for free "pN amplitudes 
occurs now for all energies in the range E(^ < iffv Mev as 
in Fig. (s>^9'- The free amplitude remains repulsive here 
changing into attraction for higher energies. 
An important feature in fig. [6,^ ^) is the energy 
dependence exhibited by local (eikonal) approx to the 
optical potential within the self consistent method for 
evaluating medium corrections. The calculated p optical 
potential becomes shallower all aover the nucleus with 
increasing energy. While this energy dependence is 
opposite to that exhibited by the local approx which 
uses free pN amplitudes, is in qualitative agreement 
with recent p scattering experiment(ref 2.9-io) and their 
analysis(ref 3^ ). The calculated (eikonal) local 
approximations to the imaginary part of the optical 
potential fig. ? desplays the similar features to those 
of fig. S, in that in medium evaluation tends to 
yield more absorption in the nuclear interior but less 
in the far exterior. 
The local potentials obtained here are sroother in 
configuration space than those (fig. 0,. ?: with no 
I3S 
pockets whether repulsive or attractive are generated. 
The smoothening feature is attributed here to the more 
realistic use of the nuclear density in the self 
consistent calcualtion avoiding the somewhat over-
simplified LDA assumptions. 
The above treats in medium corrections to the pN 
amplitudes in ^-nucleus scattering without recourse to 
LDA. A reasonable agreement is found with experimental 
results near 50 Mev using parameters dictated 
completely by pN scattering experiments and known-
nuclear densities. Even at such energies a prescription 
for constructing a local optical potential guided by 
eikonal considerations works well which is somewhat 
surprising and it is expected to provide a convenient 
means for comparing the nonlocal treatment of medium 
correction with conventional local optical model 
analysis. The medium corrections are generally more 
significant at low energies as one would expect based on 
the usual estimates(ref 3? ) of the convergence features 
of multiple scattering formalisms. 
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Type of 
fit 
—— 
Energy-independent: 
Energy- dependent: 
— ^ 
Yukawa 
gaussian 
"Vukawa 
gaussian 
—• — 
TABLE -
Energy 
range 
0 
100 
100 
300 
0 
100 . 
100 
300 
0 
100 
100 
300 
0 
100 
100 
300 
1 
^ c 
2 
3 
-> 
3 
2 
3 
-) 
3 
3 
2 
3 
2 
3 
2 
3 
0,0 
0.86 
0.76 
0.55 
0.45 
0.77 
0.74 
0.36 
9.32 
0.18 
0.05 
0.26 
0.03 
0.12 
0.05 
0.06 
0.01 
0.1 
0.57 
0.46 
0.47 
0.36 
0.50 
0.46 
0.47 
0.40 
0,;)' 
0.03 
0.03 
0.01 
0.04 
0.03 
0.18 
O.OI 
SJ 
1.0 
0.44 
0.39 
0.49 
0.40 
0.46 
0.38 
0.65 
0.37 
0.07 
0.02 
0.20 
0.02 
0.10 
0.01 
0.37 
0.01 
1.1 
— • » - • — . - 1 — 
0.56 
0.50 
0.32 
0.32 
0.55 
0.49 
0.41 
0.33 
0.06 
0.03 
0.04 
0.02 
0.08 
0.03 
0.17 
0.01 
Values of X^ for the various fits to the central jjart of the 
two body T-matrix 
TABLE - 2 
( ^ \ . p (r% 
•'C 
°^Ca 
"^"Pb 
6.03 
11.75 
30.48 
5.39 
11.12 
29.83 
1.005 
1.026 
1.119 
110 
0.40 
0.52 
0,50 
The mean-square radius of ref. ^^ ) is denoted by <r*)„p while 
(r*)p^ is the value lo be used in the folding procedure, 
The radius R and diffuseness a of a Fermi distribution correspond-
ing to ('•^ >ft, are also given. 
14 t i 
Momentum 
Nucleus 
2 gaiissia n 
3 gaussian 
2 Yukawa 
3 Yukawa 
[MeV/c] 
e.i. 
{k') 
V^ 
e.i. 
ik') 
V^ 
e.i. 
ik') 
V-
e.i. 
ik') 
V-
TABLE 
> 
''c 
5.1 
9.3 
44.8 
2.8 
3.7 
20.1 
4.8 
6.3 
2').1 
2.7 
2.4 
8.4 
- 3 
300 
•"'Ca 
4.1 
7,1 
21.x 
2..'^  
2.5 
8,2 
2.7 
4,1 
12,0 
3,1 
2,7 
6.7 
'""Pb 
'1,4 
1,1 
2,4 
1.3 
1.0 
2.6 
1.2 
0,N 
2, i i 
1.1 
0,6 
1.0 
'-C 
7,2 
7,8 
9 2 
6 1 
21.4 
27.9 
5.6 
5,8 
6.8 
5,7 
4.9 
4.3 
600 
'"Ca 
2,3 
2.4 
2.7 
16 
6.2 
4 9 
2 9 
2,6 
2.6 
.'1 
3 ! 
2.7 
'"-Pb 
2.9 
3.4 
3.0 
1.9 
11.6 
6.8 
3.4 
3.8 
3.5 
3.4 
3.9 
3.3 
Values of X /N for the various two-body T-matrix apt>rox. and 
treatments of the energy dependence. 
TABLE 4 
Dirac optical parameters for ^ Ca at 180 MeV. 
U^ 
Model 
IRAKIS 
' Dover-Richjrd 
5 R . S| 
•438. -^ 
-297. 68 
V V 
(MeV, 
+ 394,-112-
^257, -102 
c 
i fm i 
3.55 
3,55 
0.64 
0.64 
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Fig. la. The real (V) andimaginary (W) part of the optical potential 
as a function of radial distance r for various nuclei and for 
an antiproton of momentum of 300 MeV/c. 
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CHAPTER FIVE 
BRUECKNER THEORY CALCULATION OF ANTIPROTON-NUCLEUS 
OPTICAL POTEMTIAL : 
5.1 Introduction; 
Brueckner theory has established itself as a 
useful method of obtaining microscopic nucleon-nucleus 
optical potential. In this method one calculate the 
effective interaction which correctly takes into account 
both medium correction through a propagator as well as 
pauli operator. After obtaining a reliable effective 
interaction which is density and energy dependent one 
uses some kind of local density appro. (LDA) to obtain 
nucleon-nucles optical potential through a folding 
procedure. The LDA uses neutron and proton density 
distribution as input v/hich are reliably known from high 
energy electron scattering experiments. 
The success of the above describe approach has 
given enough confidence to extend Brtieckner theory to 
obtain antinucleon-nuclus optical potential. Such an 
approach is expect to be highly successful in this case 
especially because of peripheral interaction where the 
densities are small. There are many weakneses in various 
attempts made using Broueckner theory, which our future 
1 i) 0 
research program hopes to remove. In section 5.2 we first 
describe the angle averaged Pauli operator to be used for 
the case of incident antinucleon. In section 5.3 we 
describe the basic equation and outline the method of 
solving the Bethe - Goldstone (BG) equation for 
antiproton-nuclear matter optical potential. The results 
of self energy are discussed in section 5.4, section 5.5 
first describes the procedure for obtaining J-independent 
t-matriXu- and then describe the folding procedure for 
obtaining P-nucleus optical potential. The section 5.6 
describes briefly the results of calculation and its 
agreement with the elastic scattering data using this 
g-matrix approach. In the last section. In the last 
section we very briefly outline our future research 
program within the framework of Brueckner theory. 
5.2 The Pauli Operator; 
Pauli operator restrict the phase space available 
to the particles excited in the intermediate states in 
having their momenta greater than the Fermi momentum K , 
F 
for the case of incident nucleons interacting with the 
nuclear matter. 
In fig.l, we represent a uniform nuclear matter by 
a Fermi sphere of radius K_ which is related to the 
15? 
matter density as follows: 
The momentum of the incident nucleon is K-]^ >Kp and 
that of the struck nucleon inside the. target nucleus 
K^<K . Af ter the interaction the momenta of intermediate 
state is denoted by q^  and q_ with the condition that 
|q, |>K and | q | >K . Usiny the fact that the centre of 
mass is held fixed due to the translational invariance, 
we have the following relation: 
For centre of mass momentum 
K = K^ + Kj @ 
and he relative momentum 
In the intermediate state the relative momentum is 
given by 
V7hile the total momentum is still 
K = K = q^^ + q2 
Using eqns . 0 and (s) v/e ge t 
- - - • © 
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5.2 (i) Angle averaged Pauli operator for two identical 
nucleous:-
From equations © and (j) we have 
For the intermediate states, we have 
err l/^k^+t- K$>^^ ^ "^ P^  
ka ^ 
The angle average Pauli operator /^i « 
-I 
5.2 (ii) For the incident antiproton: 
If we denoted the momentum of incident antiproton 
by q then 
15) 
Cr tooB ^ -^—TT ^ 
The angle averaged Pauli operator 
- J 
5.3 Basic equations and Method of Calculation; 
We, first, evaluate the self.energy of an 
antiproton moving in the nuclear medium within the 
framework of infinite nuclear matter which was initiated 
by Hufner and Mahaux (ref.l). In this approach one 
defines the self-energy to first order of the reaction 
matrix expansion, whose leading term is given by: 
Uric,£;Kp)= Z <^,?\tW\k,p:f •(D 
Where K and E are respectively the momentum and energy of 
the incident antiproton. The starting energy is given by 
W = E + e (p) 
VJhere P and e(P) are the momentum and single particle 
energy of a nucleon bound in the nuclear medium. The two 
body transition matrix, called g-matrix, satisfies the 
following equation of Bethe - Goldstone type 
Where P^ and P^ are momenta of antinucleon and nucleon/ 
A 
respectively, in the intermediate state, and \J- is the 
realistic complex NN potential, which consists of the one 
boson exchange potential (OBEP) and a phenominological 
imaginary potential. The operator 61 (P_/ K^ ,) describes 
the Pauli principle for the nucleon in the intermediate 
state, namely. 
L 0 *W P- < "^P 
The complex single particle energy of the 
antiproton is denoted by e (K), in which the dressing 
correction is included. VJe then rewrite the self - energy 
as an auxiliary potential in the approximations of the 
one-shell propagation. Consequently the following 
equations are obtained. 
e^k) = Jd -^V^M — - • - ® 
v^Ck) •=. u[Kjtck:>;Xf) 
Where for simplicity the Fermi momentum dependence of 
V-(K) is suppressed and Xn is the antinucleon mass. 
Thereafter it is assmed that hj is the same as the nucleon 
mass. The above choice implies that the self-energy is 
determined self- consistently as a complex quantity. The 
single particle energy e(K) for the nucleon is defined in 
a similar way with an auxiliary potential V (K), namely 
I b l 
except that it is determined self consistently as a real 
qantity under the quasiparticle approximation. 
New we consider the equations in the configuration 
space. The method of the following calculation (ref.2) is 
based on that developed in the evaluation of the binding 
energy of the nuclear matter or the nuclear optical 
potential. The total and relative momenta for the 
antiproton - nucleon system are, respectively, denoted by 
K = K+P ^>, 
q =^^(K-P) 
In the intermediate state the relative momentum is 
similarly denoted by 
on the other hand the total momentum, K, in the 
intermediate state is eqeiitl to K because of the 
translational in variance in the nuclear matter. Under 
the partial wave expansion equation (2) is reduced to 
radial equations denoted by 
u^^ 
where 
D = w-e (P^) - e(P_) 
VJhere L,S,J and T are MN orbital angular momentum, total 
J"ST . 
angular momentum and total isospin respectively. Uj,* is 
AJST 
the NN correlated wave function and U|-« the usual matrix 
element. With the wavefunction given by solving equations 
(9) and (10)/ the leading term of the self-energy in 
symmetric nuclear matter {N=Z) is writtin as follows 
In the calculation of GJ (r,r', ;W) the Pali operator and 
momenta P - P_ are replaced by averaged expressions over 
the angle between K and t, , , 
^(P-Ap)-^ ^(K-^Ap)^ ' I 4t^ \i/^k-i\>kr. 
• @ 
p; 
OJ a/^  
Ic'- '^ 
(2^5l>e 
a-(.^ic^t^-^p^;Afc 
I b j 
5.4 Antiproton Self-Energy in Nuclear Matter; 
Here the numerical representation obtained by 
using the static Bryan - Phillips NN potential (ref 3) is 
discussed. Taking 1.37 fm as the Fermi momentum for 
symmetric nuclear matter 
J NM 3 A^ L F ^ 
V?e include the contribution from NN partial waves upto 
L=2. The PN pair does not obey the exclusion principle 
and thus there are 18 uncoupled channels and coupled 
channels for T=0 and T=l respectively as in Table 1. In 
the calculation of the self energy, the denominator of 
the Green function is denoted by 
D = e (K) + e (P) - e ('p'^) - e (P_) 
t^irn 3tn ^vf) ID "^  
Here the auxitrary complex potential V is 
substituted by the parametrized function which 
reproduces the results obtained by Brieva and Rook 
(ref.10) In their works V is calculated self 
consistently v;ith the Hamada - Johnston or the Reid 
hard-core potential including 1<A partial waves. The 
resulting nucleon-nucleus optial potential well 
reproduces the energy dependence known by the 
phenomenological analysis. In the finite nucleus version, 
it gives good agreement with proton-nucleus defferential 
l b ' 
cross section at low energy. 
The numerical representation of the self-energy 
V-(K) are shown in fig.2. Both real and imaginary parts 
are evaluated simultaneously and self consistently is 
imposed at the 9 points K = 0.0 (0.5) 4.0 fm~ . The 
input-output discrepancy. 
In order to investigate the density dependence of 
the self energy, (1.1/1.37) V (K) is used as an input 
function at K = 1.1 fm , so that the discrepancy is 
about 11%. This fact means that the self-energy is 
approximately proportional to the nuclear density, namely 
3 
The solid lines in fig.2 represent the centroid average 
of input and output values at K„ = 1.1 fm""*" and 
Kp=1.37fm . The effect of the Pauli principle is taken 
into account through the operator in eqn. (13). In 
estimating this effect confines the study to the limited 
case of neglecting V-(K) only in the intermediate state, 
because the method of imposing self-consistency is 
tedious. Hence ^ 
D . ^  ^e[p)- it - eCp] ^ - - .@ 
^l - ~'k^^ir^±JT^^kir ^ UP.AF)=I --© 
Ib5 
Results with or without the Pauli effect are also 
shown in fig.2. As expected, the Pauli principle has an 
appreciable effect in the low - momentum region. It is 
found in comparison with the full results that the 
dressing (dispersive and absorptive) effects by V-(K) 
should also be considered. The contribution of main 
partial waves to Re V- (K) and Im. V-(K) is shown in 
fig. 3 and fig. 4 respectively. In the low - momentum 
region S- and SD coupled waves are dominant. In addition 
to this, it is seen that the contribution of P - and 
uncoupled D- waves approximately cancels in the real 
part. 
5.5 Antiproton - Nucleon Effective Interaction; 
In the following section, using the self - energy 
determined in the section 5.4, the effective interaction 
is defined which describes the interaction betv/een 
nucleons in the nucleous and the incident antiproton with 
energy E and K = (2 KEY^. By using the wavefunction U 
obtained by solving equation (9) with 
d = E + e (P) - e (P^) - e (P_) 
the t-matrix in [L,S,J,T] basis is given by 
^^^7M -''' 
Ibb 
For triplet states the J-independent t-matrix is defined 
and further the 1-independent t-matrix is denoted by 
For N = ? nuclear matter the density - dependent 
effective interaction is given by 
The density dependence of the effective interaction can 
be evaluated by varying the Fermi momentum 
Kp = (3/2 Pa^f ) ^ /2 
According to eqn. (17), in this procedure we set 
In order to indicate this dependence, the volume 
integral of the effective interaction ^j = 4g|J ('V) k"f ^  f> M Y -
and its partial wave contribution at E=0 are plotted in 
fig. 5. The dressing, in particular obsorptive, effect is 
large enough to modify the interaction dramatically, 
especially in the real part. In the S and SD - Coupled 
channels the real part changes its sign at around 60% of 
the normal nuclear matter density, and consequently about 
U)? 
h in the total. The central component of the real part of 
it has a deep well due to the coherent contributions of 
W- and (T-Mesons. On the other hand/ the scatteriny lenyth 
in free space has a negative sign in the real part/ ie. 
-0.91 + i 0.7 fm for the static Bryan - Phillips 
potential (ref. 3). This means that the large imaginary 
component which describes the PN annihilatiton to mesons/ 
plays an effective role as the repulsive potential 
pushing out tthe wave function. This potential is derived 
from higher order terms in the expansion of V. The 
positive sign of J in the low - density region would be 
its menifestation, whereas the interaction undergoes a 
modification by the nuclear medium as the density 
increases. 
It has been pointed out (ref. 5) that Im V-
alternates the particle flux in the intermediate state 
causing the Green function to dampen, especially in 
S-waves. Thus he contribution from higher - order terms 
in eqn. (2) decreases and the Born term becomes 
dominant. Consequently the attractivity of the bare NN 
potential is revealed. A shown in fig. 5 the Pauli 
principle promotes the above phenomena by suppressing the 
contributions to G^ from the small t-region. Thus the 
lbs 
relatively short - rangepart of v, where -the attractive 
well exiss, becomes more important. This effect is also 
dominant in the S- and SD- coupled channels. The 
contributions from those channels to are shown in 
fig.6. 
Although, the self-energy has been estimated only 
in symmeric nuclear mater, if the difference of the Fermi 
momentum between protons and neutrons is ignored as an 
approximation, then the effective interaction can be 
defined as _ 
for protons and neutrons respectively by using eqn (22). 
In order to construct the ^ -nucleus optical potential, the 
above density - dependent effective interactions atre 
folded respectively into proton and neutron density as 
With ^ = %(r+r ] 
Where f<p' fr) is the local Fermi momentum and satisfies 
lb 9 
To make a systematic analysis over the wide ranye 
of nuclei, the following assumptions are employed 
Where f M is the density distribution of point nucleous 
(or matter density). Except for the helium, v/e assume the 
Fermi distribution (ref.6). 
Lc-^') = 
2- K //rr \6 
-^ ^^'-^J'b-i{t^,]-»\ Y^fi'/S 
m 
with r = 1.158 fm, a =0.47 fm. The mean square 
m m 
radius is given by 
It should be remembered that for light nuclei this 
parametrization gives mean square radii v/hecit are nearly 
equal or some what larger than that of the charge 
distribution. 
The calculated optical potentials for 16 , 32 and 
o s 
91 at E = 0 are shown in fig. 7. The real part of the 
optical potential inherits the density dependence of the 
effective interaction, so that there is a repulsive 
barrier in the surface region. Due to the range of the 
effective interaction, however, the height of this 
1 7 (J 
barrier decreases and the potential depth at the centre 
of nuclei increases, as the mass number increases. The 
contribution of P - protons or P - neutrons for 32 
defined by eqn. (28) is also presented in fig.7 for the 
calculated optical potential the mean square radius is 
defined by *( p^ {J^'^Cr) r^^r 
''<''^'^ ^-ITl • . . . 
, J i« (J '-"M r^dr 
with the volume integral given by 
J . ' U Cr-)dlr ^ -^^  
The root-mean-square radius (RMSR) and the volume 
integral are listed in table 2. The two characteristic 
features found are as follows: 
(1) The RMSR of the real part for heavy nuclei is 
considerably smaller than that of the imaginary 
part. This fact is due to the difference both in 
the density dependence and in the range of 
effective interaction between the real and 
imaginary parts. 
(2) The potential range of the imaginary part is 
slightly smaller than that of the matter density 
distribution for the same reason. 
171 
The influences of different effects or an 
approximation to P- 0 optical potential are illustrated 
in fig.7. The dotted lines show the result in the local 
density approximation. As listed in table - c^, Im (y^"^ 
is reduced by about 0.2 fm as compared to the full result 
shown by the solid lines. It has been pointed out (ref.4) 
that the LDA gives a smaller range of the proton -
nucleus optical potential than in the folding model, the 
dressing effect by the self-energy which is represented 
by the dot-dashed is discovered by putting V-(K) = 0 when 
the effective interaction is evaluated, in this case this 
is no change of sign in the real part of the optical 
potential. Further the potential without the Pauli effect 
is shown by the dashed lines: 
5.6 Results; 
With the use of optical potential in section 5.4 
we consider the low-energy phenomena, for which 
experimental data are available. The results for the 
complex level shifts of P-atoms in table - 3, where the 
Dirac equation is numerically solved (ref. 2) with the 
full potential. The results are as a whole, in a 
reasonable agreement with experiments over a wide range 
of nuclei. The conplex 2P-level shift for 4. is also 
He 
11 
shown in table 4. Although 4jjg is outside the allowable 
extent of the taken potential, it is worth mentioniny 
that the optical potential is repulsive with strength 
U- (r=0) = 40 - i 187 Mev because of the decrease of 
medium corrections. As a consequence it would be 
inadequate to be particular about the comparision with 
experiments. Adopted parameters for the nuclear charge 
distribution are listed in table - 5. 
The complex 3d-level shift for the P- o atom 
corresponding to the four potential in fig.8 is presented 
in table - 6. The Pauli and dressing effects have 
relatively small influence. The probability density of 
the antiproton in the 3d overlaps with the nuclear medium 
around the surface region because of the strong 
annihillation, both effects are attenuated in this 
region. The complex level shift is considered to be 
determined predomenantly by the imaginary part of the 
optical potential, which is much larger than the real 
part on the surface. However both effects give only small 
deviations from the final results in this region. On the 
other hand LDA depens the imaginary part more readily and 
makes the RMSR smaller as seen in table - 2. The 
resultant level width is only about one-half of the 
experimental one. 
173 
The spin - orbit interaction in P-atoms due to 
strong interaction is formally estimated by one-boson 
exchange model. The strength of this interaction is 
estimated to be V^ = - 2/3 V„ is the strength of the 
S.o S.o ^ 
nucleon. However the short range correlation effects and 
the correlation effects and contribution from the second 
order interaction are neglected, while this force should 
be modified in the nuclear medium. Since there is no 
experimental evidence of its strength or shape, attempt 
is made to evaluate this effect by using the Thomas-type 
spin orbit potential based on the condition of the 
surface term, in addition to the central potential. 
According to the proton - nucleus scattering 
analysis (ref.8), the spin-orbit potential is assmed to 
be given by I 
2-,, ,;±1"\ 1, ^ 1 ^s.af-^--(:^ .f v , . ,^?. t ;^^ 
e^lCy-^s.oVo,,'^ 
1/3 
where ^c ^ = '^c ^  A ' with r^ = 1.1 fm and b.o S.O S.o 
a = 0.7 fm. We consider the strong spin-orbit 
interaction around v = - 4 Mev. The scheme of the last 
o . O 
radiative transition P- o is illustrated in fig.9. Two 
levels of the lower doublet at V„ = - 4 Mev are shown 
S.o 
by the dashed lines, where its interval is spread. By 
assuming a statistical population for the 1 -> 1-1 
17 
transition, the relative intensity of transitions is a:b:c: 
= (21-1) (1+1): (21+1) (1-1):1 [ref.9.] Even in the case 
of fig.9 transitions a and b become domi.nant. 
Level shifts and widths of the lower states are 
usually determined from the peak positions and shaps of 
X-ray spectrum respectively. Due to the large width, one 
peak consists of two overlapping peaks whose peak 
CL b positions are destant from each other by E, - E, ; where 
tr tr 
E is the transition energy for each 4f •» 3d transition. 
The strong spin-orbit interaction effects on the lower 
0. i 
width and the peak interval E, - E around V„ = -4 Mev ir if S.o 
are presented in table 7. Both quantities are appreciably 
affected by this additional interaction. In the case of 
of V = - 6 Mev, the peak interval is spread over 
o • O 
about 40 ev in comparison with the case of central 
potential only and /fSc/y) - ' I^^S/) is around 70 ev. 
Finally we consider the antiproton scattering with 
nucleiU' It has been pointed out (ref. 10) that density 
-followed typical potentials exist with two strength 
parameter sets which equally repreoduce complex level 
shifts of P-atom. To obtains more in formation it is 
important to examine scattering phenomena which are more 
sensitive to the inner region of the optical potential. 
The calculated values are compared with the measured 
(ref. 11-12) ones in table - 8. Here the optical 
17:) 
potential is estimated directly by choosing E in eqn.(27) 
as the incident energy in the laboratory system. Besides 
the charge distribution in table - 3 is used as nuclear 
profile to find the mass - no. dependence of <5^ ^ In 
consideration of a certain inelastic scattering ^^^ L~ ^7'^<J 
VJith the reaction cross section O^ the resits obtained 
is in good agreement with the experimental vale at 
E, ^ = 118 and 174 Mev (ref.ll). lab. 
If the proton size is removed from the change 
density parameter (ref. 13), the agreement becomes much 
better as is also shown in table 8 for 12 . By Comparing 
data at two energies the mass-no. dependence of (T. is 
found at fi. = 142 Mev to be 
With e; = 87.9+16.3mb Ond t* = 0.62+0.06 (ref.ll) 
Here 5^  = 106 mb and D = 0.60 are obtained. This 
behaviour means the nucleus is almost black to P, and it 
is similar in the high energy experiments. The optical 
potential used here could not reproduce the experimental 
result which was extracted from older bubble- chamber 
data at mean energy E^ =70 Mev (ref.12). Tthe optical 
potential used here excellently reproduces the elasttic 
different cross section measured up to © = 60°, in 
paticular, the first dip with calculated depth 0.33 mb/sr 
at 9 = 42? In order to obtain more detailed information 
about the shape of the optical potential, it is desirable 
to measure the differential cross section up to the lar^ e^ 
an^le region including in elastic scatteriny. 
5.7 Proposed Research Work Program : 
Brueckner theory has been applied, as discussed in 
earlier sections of this chapter, to calulate antiproton-
nucleon effective interaction T-matrix. However, these 
calculations beiny of preliminary nature have many 
shortcomings as described below. 
We shall first discuss the calculations of Suzuki and 
Narumi. In their approach they have used the self-eneri^y 
of nucleons resulting from Hamada-Johnston interaction as 
given by Brieva and Rook. This self-energy was calulated 
using generalized reference spectrum method. It has been 
shown in recent calculations that the generalized referece 
spectrum method underestimates the imaginary potential by 
about 30%. Further the calulations of the real part are 
also not very reliable. Nucleon self-energy therefore 
should be obtained by solving the more reliable integral 
equation method which we propose to do. Further when one 
tries to obtain the folded antinucleon-nucleus potantial 
one should have self-consistant values at large number of 
23 
1 "' I 
nuclear matter densities and over a biyyer ranye of 
incident momentum this requires hard computational work 
but there is no shortcut to obtain a reliable antiproton-
nucleus optical potential. All these calculations use 
"anyle averaged" Pauli operator as well as a non-
relativistic energy denominators for calcuLaJrhriQ^ _, the 
propagator. It is this area which is of concern to us 
also and we hope to improve the situation. 
Another notable Brueckner theory calculation is from 
Hamburg group. They used Paris potential for both 
nucleons and antinucleon which is a consistant and 
satisfying approach. However to get the result hurriedly 
they have completely ignored, the . self-consistancy 
requirements and therefore the agreement/ they obtained, 
is slightly misleading. V?e hope to remove all 
these shortcomings. 
17^ 
Fig.l ; Fermi momentum sphere. 
17 3 
Fi9.2 : Momentum dependence of the self-enert^y V>7(k). _|The 
self-consistent results at kp.= 1.1 and 1.37 fm 
are shown by the solid lines. The dashed and 
dot dashed lines represent the result at kj:=1.37 fm 
respectively, with and without the Pauli effect 
for the limited case. 
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Fig.3 : Momentum depedence of main partial-wave contribu-
tions to Re V;j(k). 
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Fig.4 : Momentum dependence of main partial-wave 
contributions to Im \J7(k). 
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Fiy.S : Density dependence of the volume inte«^ ral J^  of the 
effective interaction at E=0. The dashed lines 
indicate the results without the Pauli effect 
for the respective cases. 
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Fig.6 : Density dependence of the contribution to J^  at E=0 
from each S-and SD-coupled channel. 
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Fiy.7 : Radial variation of the p-nucleus optical potential 
The dashed and dot-dashed lines represent the p-
proton and p-neutron contributions to the p^ ^ ^c, 
1 optical potential, respectively. 
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18b 
-167.G 
4f 7/2 
4f 5/2 
-167.8 
(C) 
relative intensities 
a : b : c - 20: K : 1 
(eV) 
t 942^ 0 
-94250 
Fig.9 : Scheme of thelast radiative transition in t he p-^0 
atom. (A) Lower states with electromagnetic inter-
action only. (B) Lower states with full interac-
tion. The dashed lines show the result at V^^j7-4Mev 
(C) Upper states with full interaction. The shift 
by the spin-orbit force is within the line-width. 
ToijJd i 
I S / 
s 
0 
0 
0 
^ 
0 
0 
0 
-
T 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
^ 
L 
o 
1 
^ 
0 
1 
'J 
1 
<9 
5 
^ 
6 
1 
^ 
0 
I 
1 
1 
^ 
.? 
a 
J 
5 
i 
0 
1 
5 
a 
5 
3 
1 
4 
1 
0 
1 
« 
1 
a 
3 
J 
' t > . 
^^. 
'Po 
f^, 
3P, 
^ ^ 
3 D , 
' ^ 3 
' " . 
s^, 
• ^fo 
^P, 
3p, 
' ^ 
' % 
3;> 
3 
188 
TABLE - 2 
Calculated rms radii and volume integrals of the optical 
potentiddL 
Nucleus 
"•o 
"s 
" Z r 
[fm] 
5.71 
2.75 
3.62 
(2.07) 
2.72 
(2.48) 
3.19 
(3.00) 
4.23 
(4.10) 
\' man/ 
[fm] 
. 2.71 
3.21 
4.30 
A [MeV 
Re y. 
- 3 
- 6 9 
-142 
• fm-] 
Im.l, 
-163S 
-1717 
-I796 
1S9 
TABLE - 2 
Calculated rms radii and volume intet^rals of the 
optical potential 
Nucleus 
1 6 Q 
" S 
"Zr 
[fni] 
5.71 
2.75 
3.62 
(2.07)^) 
[fm] 
2.72 
(2.48)^ 
3.19 
(3 -OOJ 
4.23 
(4.10) • 
[fm] 
2.71 
3.21 
4.30 
A [MeV • 
Re/^ 
- 3 
-69 
-142 
• fm^] 
imy,. 
-1638 
-1717 
-1796 
l i J O 
TABLE - 3 
Complex level shifts of aniprotonic atoms 
Nucleus 
6*-
'^N 
'to 
• | 0 
uSi^) 
]IP 
]ls') 
nC\') 
]lKn 
itFe») 
8 9 v 39'' 
%Zr') 
'llSn'} 
'III 
n! 
Hevel) 
3d 
3d 
3d 
3d 
4f 
4f 
4f 
4f 
4r 
5g 
6h 
6h 
7i 
7i 
C: 
^n 
14.0 
53.0 
160.5 
194.7 
41.4 
91.2 
164.7 
334.8 
915.7 
138.6 
158.8 
222.1 
46.5 
123.6 
alcuiated 
r, 
51.7 
167.3 
443.6 
503.1 
170.8 
332.3 
560.7 
1006.2 
2396.6 
550.3 
679.6 
899.9 
270.5 
596.8 
[eV] 
^ n - , 
0.035 
0.181 
0.724 
0.893 
0.448 
1.09S 
2.22 
5.04 
17.12 
3.81 
7.63 
10.98 
3.32 
8.97 
£„ 
4±10 
-3i:50 
124±36 
189±42 
3S = 39 
65 = 23 
60 = 40 
10 = 310 
150=160 
450=100 
Measured [cV] 
r. 
42±1S 
205 = 70 
320=150 
550 = 240 
110=190 
446 ±69 
650=100 
540 = 320 
800 = 320 
700 = 210 
r..: 
0.036!^^!^ 
0.13=0.03 
0.64 = 0.11 
o.sO-=o.i: 
1.14 = 0.25 
3,04 = 0,70 
S.O =2,2 
26.S =7.0 
4.o:t? 
6.8:;:: 
6-4:;;j 
3.1 =1.8 
9.9 =7.7 
TABLE - 4 
- ti 
Complex 2p l e v e l s h i f t of t h e p-^He atom 
t., [eVJ /;. [eV] r„^, [meV] Ref. Year 
50dt 18 
I4±S 
I2±14 
4.8 
90±70 
<30 
20.7 
2.8 ±1.0 
1.4 
' ' ) (1978) 
• '*) (1982) 
" ) (1983) 
calculated 
We use t t h e m a t t e r d i s t r i b u t i o n of /C>5 "^^^ j^^ '^ ' ^^wi th 
J^ = 0 .534 fm'^ 
rji 
Ui^ 
TABLE - 5 
Charge density Distribution 
^, , Density c or a z or a ^, , Density c or a 2 or a 
Nucleus ' rr s /r ^ ^' Nuclcus • ,- , ,- , w 
type (fm) (fm) type (fm) (im) 
^He 3PF 0.964 0.322 0.517 " K , 3PF 3.743 0.585 -O.izOl 
'-C HO 1.692 1.082 " 'Fe 2PF 3.98 0.585 
'''N HO 1.729 1.291 "Cu 2PF 4.214 0.586 
I6Q 
I 8 Q 
'T.M 
^Si 
3(p 
^^ S 
. V . i ( - ; 3 ) 
HO 
HO 
2PF 
2PF 
3PF 
3PF 
:PF 
1.833 
1.881 
2.84 
3.14 
3.353 
3.503 
3.53 
1.544 
1.544 
0.569 
0.537 
0.579 
0.633 
0.523 
-0.160 
-0.25" 
Cu 
8 9 Y 
na,2r3) 
""'Sn 
127 J 
208pj, 
2PF 
2PF 
2PF 
2PF 
2PF 
2PF 
4.271 
3.9S 
4.91 
5.442 
5.51 
6.624 
0.579 
0.569 
0.523 
0.543 
0.567 
0.549 
HO and 3PF mean the harmonic o s c i l l a t o r and th ree -pa rame te r (two 
parameter denoted by 2PF i f w=0) Fermi d i s t r i b u t i o n , r e s p e c t i v e l y . 
Adopted parameters c or a, z or c< and w a re t aken . 
1 [i i 
TABLE - 6 
Different effects on the complex 3d-level shift of the p- O atom 
f„(eV) r, (eV) r_, (eV) 
fufl. calculation 
wiihoul Pauii etTea 
wiihout dressing e;:ect 
LDA 
160.5 
( 62:5){158.5) 
147.5 
153.1 
157.7 
443.6 
C446.1K441..2; 
415.1 
407.5 
193.9 
0.724 
C0.733KO-715 
p.658. 
0.670 
0.269 
Presented values are the avera-^ e^ of components of each doublet. 
Values in left and right brackets mean the result for j=l-^ and 
j=l+J5 states, respectively. 
rj^ 
TABLE - 7 
Strong spin-orbit interaction effects on the width and 4f-^ 3d 
transition energy of the p-'^ atom 
V.O 
real 
0 
-2. 
-4 
-6 
- 4 
-4 
[MeV] 
imag. 
0 
0 
0 
0 
-2 
-2 
/ • 
3d.y: 
446. i 
459.9 
474.Z 
489.0 
4«9.? 
458.2 
Ce.V] 
3d5/: 
441.2 
452.4 
421.8 
4f5.4 
413.1 
434.2 
f?.^-H-r[eY] 
21.2(25.23 
34.4 
4 7.. 6 
60.7 
36.1 
59.1 
Values in the bracket each the result width only 
electromagnetic interaction. 
TABLE - 8 
Calculated elastic/ total and reaction cross section in mb 
Ui 
E , J M e V ] 
118 [ref.^')] 
I74[ref.2')] 
70[ref.")] 
Nucleus 
'^ C 
^^ Al 
""'Cu') 
'-C 
^^ Al 
"^'Cu") 
'-C 
208pb 
O^cl 
312 
509 
1007 
2S6 
470 
942 
347 
2471 
O'toi 
818 
1306 
2399 
760 
1213 
2249 
885 
5423 
O'r 
506 
461") 
797 
1392 
473 
432") 
742 
1307 
538 
2951 
a,^,{ixp.) 
410 = 35 
66} ~ S6 
11S6=15^ 
422 = ;5 
679x66 
iISS=106 
730=180 
(5.3= 1.7) X 10-
PJh 
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